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Abstract 
As building materials are becoming more synthetically composed and lightweight, there has 
been a shift in both fire behaviour and associated hazards. Fires are burning faster, reaching 
higher temperatures, and are expected to be producing more toxic compounds compared to 
construction materials based on natural products. Currently, it is not known how these modern 
building materials off-gas in a fire and therefore how they contribute to the observed changes 
in fire conditions, nor is it known what compounds are released when these materials are 
exposed to fire conditions. The associated hazards are therefore also unknown, including the 
exposure of first responders and the general public, and the effect these building materials have 
on fire dynamics. The development of field-portable instruments to assess these hazards is also 
hampered, as more knowledge is required for selecting target compounds for on-site 
monitoring.  
In order to assess the influence of modern building materials on the dynamics and hazards 
associated with fires, this study aimed to determine the temperatures at which selected 
construction materials start to thermally decompose and therefore off-gas. If off-gassing is 
found to occur at low temperatures, during the developmental stages of a fire, it could 
potentially explain the accelerated changes in fire behaviour. It is also during these low 
temperature stages that victim escape times are crucial and therefore, depending on the 
compounds produced, off-gassing may play a key factor in inhibiting escape. In addition, the 
types of compounds being off-gassed are potentially also related to the levels of oxygen 
present. The second aim of this study was therefore to assess the degree at which materials off-
gas, and how off-gassing is likely to vary depending on aerobic or anaerobic conditions.  
In order to address the aims, preliminary analysis was first performed via Fourier Transform 
Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy – Energy Dispersive X-ray 
Spectroscopy (SEM-EDX) to characterise the composition of each material. This provided key 
information that assisted with the result interpretation of subsequent analyses. Simultaneous 
Thermal Analysis coupled to Fourier Transform Infrared Spectroscopy (STA-FTIR) was used 
to analyse the thermal decomposition of the selected materials, as well as obtain chemical 
information on the evolved gasses produced. Flash Pyrolysis – Gas Chromatography – Mass 
Spectroscopy (pyrolysis-GC-MS) was then applied to assess decomposition and off-gassing 
under anaerobic conditions. Off-gassing under aerobic conditions was examined by developing 
a method for collecting the evolved gasses from the STA into an air canister, for subsequent 
xiv 
air analysis via a dedicated GC-MS system. Air analysis was also used to screen the detected 
compounds against a list of known air-based toxicants that was developed by the United States 
Environmental Protection Agency (USEPA) (TO-14 target compounds), in order to evaluate 
the potential for harmful compounds to be released during off-gassing.  
In total, nine modern construction materials were analysed in this study: vinyl flooring, 
industrial grade carpet, floor underlay, pine timber, laminated pine timber, chipboard, 
chipboard with melamine, and two aluminium composite panels. This study found that all of 
the materials thermally decomposed during the relatively low heating range of 40 to 590°C. It 
was also found that the materials off-gassed many compounds within this temperature range, 
under both anaerobic and aerobic fire conditions. Screening against the TO-14 target compound 
list indicated the potential presence of known toxicants, some of which were also flammable. 
However, results also indicated the formation of many other compounds that could not be 
identified due to lack of standard reference materials available. These compounds require 
identification in future studies to determine if they also contribute to a hazardous atmosphere. 
If they do, target compound lists, such as the TO-14 list, require updating to ensure their 
suitability to fire scenes.  
Overall, this research acts as a pilot study to provide the grounds for future work on identifying 
any hazardous compounds that are potentially generated at contemporary residential/factory 
fires. 
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1.1    Introduction 
Modern buildings appear to be more fire resistant than they were fifty years ago. This is due to 
continued developments in fire protection, such as improved fire alarms, sprinkler systems, and 
evacuation exits. Firefighters themselves have also improved, through advances in 
techniques/training, equipment, and general knowledge of fire dynamics. 
Although fires appear to be less likely to occur, when they do occur they are burning more 
rapidly and are reaching higher temperatures than they used to (Crewe et al. 2014; Kerber 
2012). This is due to changes in the composition of building materials, where overall they are 
becoming more lightweight and synthetically composed (Crewe et al. 2014; Kerber 2012). 
When compared to naturally composed materials it has been found that once ignited, synthetic 
materials are often more flammable and promote fire spread (Crewe et al. 2014; Stec 2017). 
As a result, once a fire starts there is limited time for response and evacuation (Crewe et al. 
2014; Kerber 2012). Previously, firefighters had at least twenty minutes before a fire would 
reach flashover and impede any attempt at evacuation; now, fires are often reaching flashover 
within five minutes (Francis & Chen 2012; Kerber 2012). This is a significant difference, 
making it more difficult and more dangerous for anyone inside to escape. 
Fires are also producing more toxic gasses than previously expected, where toxic gas exposure 
has now become the main cause of injury and/or death during fires (Crewe et al. 2014; Stec 
2017). This increase in toxicity also appears to be caused by the synthetic materials present, 
and poses serious health risks to not only those inside, but also to first responders, the general 
public, and the surrounding environment (Hewitt et al. 2016; Stec 2017; Stefanidou, 
Athanaselis & Spiliopoulou 2008). 
It is therefore imperative that buildings are designed in a manner that prevents the spread of 
flames and smoke, in order to provide sufficient time for escape, aid in extinguishing the fire, 
and to reduce the level of hazardous compounds being released (ABCB 2016; Littlewood et al. 
2017). 
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1.2    Modern Building Materials  
The composition of a building’s structure and contents has changed considerably over the past 
fifty years, with building materials overall becoming more synthetically based and more 
lightweight (Kerber 2012). Synthetic products are regularly being introduced that offer a 
variety of applications within the building (Sagheb, Vafaeihosseini & Ramancharla 2011; 
Isnin, Ahmad & Yahya 2013). Products can range from being completely synthetic – such as 
insulation and various floorings – to a combination of both synthetic and natural components 
such as chemically reinforced timber (Reisen, Bhujel & Leonard 2014). The main benefit of 
using synthetic components is that they reduce the amount of overall material required, whilst 
retaining strength and durability. This allows for materials that are lightweight, have faster 
construction times, and are overall more cost effective than naturally composed materials 
(Crewe et al. 2014; Kerber 2012). 
Changes in the types of timber being employed also contribute to reducing the weight of 
building materials. Previously, hardwood was the most frequently applied timber, where it 
offered strength and durability. It is, however, a heavy timber that can be somewhat hard to 
work with, transport and use (Ramage et al. 2017). It has therefore been widely replaced with 
pine timber, which is softer and lighter, including laminated timber that consists of pine sheets 
glued together. Another factor that has greatly influenced this shift is that pine timber is 
ultimately a lot quicker to grow than various types of hardwoods (Ramage et al. 2017). With 
an ever-growing population, more building material is required. This highlights that, apart from 
producing improved products, changes in material composition have also been driven by the 
need to find more sustainable options (Allen & Iano 2013; Kerber 2012).  
Furthermore, the production and use of natural components in construction materials 
contributes significantly to environmental issues, including climate change and global warming 
(Kerber 2012; Pacheco-Torga & Jalali 2011). This is due to the amount of natural resources 
and energy consumed, resulting in both environmental degradation and the production of 
greenhouse gasses (Allen & Iano 2013; Sagheb, Vafaeihosseini & Kumar 2011). With an ever-
growing population, these impacts are significant in that they place an increasing burden on 
both the earth’s resources, and on the future health of our environment and society (Allen & 
Iano 2013). This is another reason why synthetic components are frequently applied, as they 
typically require less material and water during their manufacturing than naturally derived 
materials (Kerber 2012). A downside however is that they still contribute to these 
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environmental issues, as they are derived from crude oil and produce various pollutants during 
their manufacture (Sagheb, Vafaeihosseini & Kumar 2011). Despite this, in some instances 
they have a smaller impact on the environment and can therefore be a more suitable option. 
This is particularly true if they contain and/or are manufactured from recyclable materials 
(Kerber 2012, Allen & Iano 2013).  
Due to their benefits and variety of uses, synthetic materials form a large part of the average 
modern home. Consequently, however, these buildings now contain a diverse range of 
compounds that pose a variety of potential health risks to their occupants, especially during a 
fire (Crewe et al. 2014; Isnin, Ahmad & Yahya 2013; Pacheco-Torga & Jalali 2011). 
 
1.3    Fire Safety Design 
To reduce the fire hazards within a building, specific codes are in place that require compliance 
to ensure an assumed level of safety (Maluk, Woodrow & Torero 2017). In Australia, these 
codes are covered by the National Construction Code (NCC), which is made up of the Building 
Code of Australia (BCA) and the Plumbing Code of Australia (PCA). The NCC incorporates 
many requirements to ensure that a fire safety system is in place (Greenwood 2012). The focus 
of a fire safety system is to ensure that there is adequate time for occupant evacuation, and that 
the fire does not spread to surrounding apartments and/or buildings (ABCB 2016; Littlewood 
et al. 2017). 
This can be accomplished with either active or passive measures, or a combination of both. 
Active measures are direct controls for when a fire does occur, such as fire alarms and sprinkler 
systems. Passive measures, on the other hand, are for preventing fire ignition and flame spread, 
such as the use of fire resistant building materials, compartmentation, and maintaining open 
spaces between buildings (ABCB 2016; Greenwood 2012). In regards to building materials, 
however, the codes focus predominantly on the prevention of fire ignition and reducing flame 
spread, with little to no focus on toxicity (Littlewood et al. 2017; ed. Stec & Hull 2010). This 
continues to be an issue, especially due to the introduction of modern materials where fires are 
burning more rapidly and producing more hazardous gasses than previously expected (Crewe 
et al. 2014; Stec 2017). This has therefore raised concerns in relation to these codes, particularly 
with the introduction of performance-based codes replacing prescriptive codes (Crewe et al. 
2014; Maluk, Woodrow & Torero 2017; ed. Stec & Hull 2010).   
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Traditionally, when designing a building, prescriptive codes had to be followed. Prescriptive 
codes act as a check-list in order to apply specific materials and/or designs to achieve an 
acceptable level of safety (Maluk, Woodrow & Torero 2017). It is argued however that these 
codes restrict creative freedom by forcing compliance to a standard, and prevent the application 
of new techniques and/or designs that could potentially provide the same or even a higher level 
of fire safety (Greenwood 2012; Maluk, Woodrow & Torero 2017). They also focus more on 
the requirement being addressed rather than the overall objective, where the individuality of 
the building and how fire would interact within that space is not necessarily factored in 
(Greenwood 2012). 
Performance-based codes are therefore designed to compensate for this, where instead of 
assessing the building’s components separately to ensure safety, the building would be assessed 
as a whole to achieve the overall objectives. Performance-based codes intend to provide greater 
flexibility in building design, while also improving the overall clarity of the code’s 
requirements (Greenwood 2012; Maluk, Woodrow & Torero 2017). Prescriptive codes may 
then be applied to the building as deemed-to-satisfy provisions (ABCB 2016; Greenwood 
2012). Although these deemed-to-satisfy provisions can be appropriate in many instances, they 
may still however be utilised as the main standard and therefore face the same problems 
previously discussed. This is particularly true due to the difficulty and costs that are involved 
in approving performance-based designs (Greenwood 2012; Maluk, Woodrow & Torero 2017).  
In order to approve performance-based designs, it must be demonstrated that the design 
satisfies the required level of health and safety, which necessitates various testing (Greenwood 
2012). In regards to building materials, these tests still primarily focus on fire ignition and 
spread with little to no focus on fire toxicity (ed. Stec & Hull 2010). Although performance-
based codes are likely to provide a more detailed evaluation of a building’s safety, there are 
limitations due to the difficulty in approving designs. This difficulty is likely from an overall 
lack of understanding of the code itself, and of the tests required and/or conducted (Maluk, 
Woodrow & Torero 2017). Because performance-based codes are more flexible, there is the 
potential that any lack of understanding could lead to designs or materials being approved that 
are not necessarily appropriate or safe (Greenwood 2012; Maluk, Woodrow & Torero 2017). 
This is particularly true with the introduction of modern building materials, where despite the 
codes, fires are burning rapidly with fire toxicity as the main cause of injury/death (ed. Stec & 
Hull 2010). 
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1.4    Fire Stages and Development  
Fire is the product of a sustained chemical reaction between a combustible product and oxygen. 
In order for this reaction to occur, it requires at least three primary components: fuel (either a 
solid, liquid or gas), a heat source, and oxygen. Together these components make up what is 
known as the fire triangle. If one component is removed, the reaction will cease (Drysdale 
2011). This concept is fundamental in the design of fire safety, where the focus is to either 
prevent these components from combining, or provide means for removing one if the reaction 
does occur. 
Another important concept is to understand how fire spreads, and therefore how this can be 
prevented (Littlewood et al. 2017; ed. Stec & Hull 2010). There are three basic mechanisms of 
heat transfer through which fire can spread: conduction, convection and radiation (Drysdale 
2011; Wickstrom 2004). Conduction involves direct heat transfer through solids, where heat 
travels from a hot surface to an adjacent cooler surface. This mechanism can explain how fires 
initially spread during the ignition stage of a fire, and this assists in predicting fire spread from 
potential heat sources (Drysdale 2011). Convection, on the other hand, involves heat exchange 
between a gas or liquid with a solid, where hot gasses or liquids can flow to nearby materials 
and ignite them. This mechanism can occur at any or all stages of a fire, but is most prominent 
during the early stages when thermal radiation is low (Drysdale 2011; Wickstrom 2004). 
Radiation, unlike conduction and convection, transfers heat as energy in the form of 
electromagnetic waves. Once the ignited fuel load increases, it becomes the main mode of heat 
transfer, where it can ignite objects at a distance via the emitted energy. This mechanism 
produces a substantial amount of heat and is the main factor that determines the growth and 
spread of fires within buildings (Drysdale 2011; Wickstrom 2004).  
The growth or development of a fire can be described in four stages: (i) ignition, (ii) growth, 
(iii) fully developed, and (iv) decay (Drysdale 2011; ed. Stec & Hull 2010). Ignition is the 
primary stage of a fire in which a rapid exothermic reaction is initiated via conduction from an 
initial heat source. It involves the thermal degradation of a material resulting in the release of 
volatile compounds, which will ignite once they reach their ignition temperature, producing 
flames. This is also referred to as off-gassing and occurs throughout the fire. This chemical 
reaction is therefore maintained throughout the fire (Drysdale 2011; Stec et al. 2008; Xie & 
Pan 2001). During this stage the flames are relatively small and not widespread. Smoke and 
heat production is also quite low, and there would be sufficient time to extinguish the fire with 
7 
minimal damage. During the growth stage, however, these initial flames act as a heat source 
and, through convection and radiation, spread to other surfaces within the affected room 
(Drysdale 2011; ed. Stec & Hull 2010; Wickstrom 2004). At this time, there is sufficient 
oxygen and fuel present, resulting in an increase in fire spread with copious smoke production. 
It is at this time that escape becomes more critical and more difficult. Depending on the level 
of heat and oxygen present, the next stage that follows can be either a fully developed fire or 
the decay stage (Drysdale 2011; ed. Stec & Hull 2010).  
If there is a sudden increase in oxygen or heat production during the growth stage, the fire can 
undergo a phenomenon known as flashover. Flashover is the event in which everything in the 
affected room simultaneously ignites. Flashover is life threatening to anyone inside the building 
when it occurs, including firefighters. If flashover occurs, the fire becomes fully developed 
with all the fuel present burning (Corbett 2015; Drysdale 2011; Liang, Chow & Liu 2002). At 
this stage, evacuation is almost impossible, and the spread of fire to nearby compartments 
and/or buildings becomes a higher risk and a major concern. The smoke production also 
increases during this stage and is likely to spread rapidly outside the affected areas (Drysdale 
2011; ed. Stec & Hull 2010). During the fully developed stage, the fuel and oxygen become 
rapidly depleted, where the fire will soon reach the decay stage in which the intensity slowly 
decreases until one of the three components of the fire triangle is completely removed. The 
decay stage can also occur after growth, if all of the fuel and/or oxygen is completely 
consumed, without the occurrence of flashover (Drysdale 2011; Liang, Chow & Liu 2002).  
The development and physics of fire have not changed over the years; however, the fire scene 
itself has and this has led to accelerated changes in the above processes (Crewe et al. 2014; 
Kerber 2012). Traditionally, houses were composed of natural components. These natural 
materials have a slower energy release and therefore, once ignited, would burn at a relatively 
slow rate. Houses were also more compartmentalised and utilised thicker materials, which 
restricted the fire to the room of origin during the ignition and growth stages (Kerber 2012). 
Firefighters therefore had sufficient time, if notified early enough, to contain and extinguish 
the fire before flashover occurred. Due to the lightweight and synthetic nature of modern 
building materials, however, fires are burning more rapidly and are producing more heat than 
previously experienced (Crewe et al. 2014; Kerber 2012). This is potentially due to these 
modern building materials off-gassing early during a fire, which could release highly volatile 
gasses that in turn could contribute to earlier flashover times. The design of houses has also 
changed, where they now typically have more open floor plans with higher ceilings. This 
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allows for more oxygen flow, promoting fire growth and a more rapid spread of flames between 
rooms (Kerber 2012).  
Currently, there is no reliable method for estimating flashover times. Typically, firefighters 
have to rely on the immediately preceding signs, such as a sudden increase in temperature 
(Crewe et al. 2014; Kerber 2012). More information on modern building materials is therefore 
required in order to understand the temperatures at which they off-gas, and therefore how likely 
they are to influence flashover. This information would provide firefighters with a better 
understanding of the materials present and therefore better identify any associated hazards to 
both the victims inside and themselves. 
 
1.5    Fire Toxicity and Associated Hazards  
As materials are heated during a fire, they will thermally decompose and off-gas volatile 
compounds from their surface. These off-gassed compounds are present in both the air and 
smoke surrounding a fire, where they have the potential to spread throughout the affected 
building and/or to the surrounding outdoor areas (ed. Stec & Hull 2010; Stec et al. 2008; 
Stefanidou, Athanaselis & Spiliopoulou 2008). Depending on the products produced, exposure 
can potentially lead to a range of health effects to those exposed and to the environment 
(Blomqvist, Persson & Simonson 2007; Crewe et al. 2017; Stec 2017). 
Compounds that are known to be hazardous are typically divided into two groups, irritants and 
asphyxiants. Irritants, such as hydrogen halides and formaldehyde, are volatile compounds that 
can cause sensory and/or pulmonary irritation (Hewitt et al. 2016; ed. Stec & Hull 2010). The 
significance of irritant exposure is that they can greatly impact escape, where occupants will 
face difficulties navigating their way to safety due to the pain and breathing difficulties caused 
(Crewe et al 2014; Hewitt et al. 2016; Stec 2017). In high concentrations, irritant exposure can 
potentially result in immediate incapacitation and/or deep lung tissue damage, where those 
affected can suffer respiratory failure within twenty-four hours after exposure (Crewe et al. 
2014; Hewitt et al. 2016; ed. Stec & Hull 2010). This is due to the corrosive nature of these 
compounds causing damage to the respiratory tract and/or pulmonary capillaries, ultimately 
preventing oxygen exchange (Hull et al. 2007; ed. Stec & Hull 2010). Depending on their 
concentration and the fire’s size, irritants can also spread via the fire’s smoke and therefore 
pose an exposure risk to the surrounding public (Martin, Tomida & Meacham 2016). The 
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environment is also at risk where there is the potential for these compounds to contaminate 
surrounding surfaces or water sources, where they can accumulate and impact on the 
surrounding ecosystem (Blomqvist, Persson & Simonson 2007; Hewitt et al. 2016; Martin, 
Tomida & Meacham 2016).  
In low concentrations, irritants are not considered immediately life threatening; however, 
repeated exposure can potentially lead to long-term health conditions such as asthma, 
emphysema, or may even be linked to cancer (ed. Stec & Hull 2010; Stefanidou, Athanaselis 
& Spiliopoulou 2008). 
Asphyxiants, on the other hand, such as carbon monoxide (CO), carbon dioxide (CO2) and 
hydrogen cyanide (HCN), are considered immediately life threatening where exposure can lead 
to a loss of consciousness and eventually death (Crewe et al. 2014; Stec 2017). This is due to 
these compounds either directly impairing oxygen transport in cells, or by preventing tissues 
from utilising oxygen by inhibiting reactions such as oxidative phosphorylation (Hull et al. 
2007; ed. Stec & Hull 2010; Stefanidou, Athanaselis & Spiliopoulou 2008). Some asphyxiants 
do not have an odour or do not cause any obvious irritation until after prolonged exposure 
occurs, in which case those exposed will become disorientated and face difficulties breathing. 
Exposure can therefore occur quite easily, especially if occupants are unaware that there is a 
fire and/or are asleep (Hull et al. 2007; ed. Stec & Hull 2010). Asphyxiants are more 
concentrated in areas of low oxygen, and therefore are not significantly present in the more 
ventilated areas outside of the immediate fire (Stec 2017, ed. Stec & Hull 2010). As a result, 
asphyxiants are not regarded as a significant hazard to the surrounding public or environment. 
First responders such as firefighters, police and paramedics, however, need to ensure that they 
use appropriate breathing apparatuses to prevent direct exposure when performing their tasks 
(Stefanidou, Athanaselis & Spiliopoulou 2008).  
The fire effluents produced during a fire will vary between scenes depending on factors such 
as material composition, temperature and oxygen availability (Blomqvist et al. 2007; Crewe et 
al. 2014; Stec 2017). The material’s composition will ultimately determine what compounds 
are likely to be released; however, the temperature and ventilation of the fire will influence 
factors such as concentration (Hull et al 2007; Stec 2017; Stec et al. 2007). Under well-
ventilated/complete combustion conditions where there are copious amounts of oxygen 
present, the fire’s gaseous products will primarily consist of carbon dioxide and water (Stec & 
Hull 2011; Stec et al. 2008). In most cases however the fire will, to some extent, undergo 
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incomplete combustion and, due to the presence of other compounds in the material acting as 
a fuel, there will be other products present (ed. Stec & Hull; Stec et al. 2008). These products 
can be partially oxidised, such as carbon monoxide and aldehydes, or be incomplete 
combustion products from the material’s degradation, such as aromatic or aliphatic 
hydrocarbons (Stec et al. 2008; Stefanidou, Athanaselis & Spiliopoulou 2008). Typically, fire 
toxicity will be greatest under ventilation controlled conditions, where flashover has likely 
occurred resulting in increased temperatures and depleted levels of oxygen (Blomqvist et al. 
2003; Stec 2017). The higher temperatures will promote faster material degradation, whereas 
the reduced oxygen will contribute to higher quantities of partially oxidised and incomplete 
combustion products (Hull, Brien & Stec 2016). It is therefore during the later stages of a fire 
that fire toxicity will be a greater risk to the surrounding public, environment and first 
responders (Blomqvist et al. 2003; Stec 2017). 
Due to the high temperatures at these stages, it is likely that the conditions inside an affected 
building would be untenable and therefore exposure is the least concern for those inside. 
Exposure is therefore of more concern to those inside during the early stages when escape is 
likely to be affected, despite the probable low concentrations (ed. Stec & Hull 2010). Although 
the temperature and ventilation of a fire will influence factors such as concentration, the volatile 
compounds produced during a fire will vary based on the composition of the materials present 
(Crewe et al. 2014; Hull, Brien & Stec 2016). It can therefore be difficult to determine what 
compounds are present without analysis, especially due to the introduction of modern materials 
where material composition continues to change (Crewe et al. 2014; Stec 2017; Stec et al. 
2009).  
As discussed previously, the most notable change in material composition in recent times is 
that the majority of materials are synthetically produced. As a result, they introduce a range of 
chemical species that are potentially off-gassed during a fire (Crewe et al. 2014; Kerber 2012). 
As also discussed previously, since the introduction of synthetic materials, there has been a 
shift in the major injuries obtained during a fire. Previously, burns/heat exposure were the main 
causes; however, this has changed to being overcome by smoke inhalation/fire toxicity (Stec 
et al. 2009; Stec et al. 2008; Stefanidou, Athanaselis & Spiliopoulou 2008). Currently, fire 
toxicity is the main cause of injury and death during a fire, where asphyxiants and irritants are 
likely to incapacitate those inside before the flames reach them. This is in addition to health 
risks to those in the surrounding areas (Crewe et al. 2017; Stec 2017: Stefanidou, Athanaselis 
& Spiliopoulou 2008).  
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Once ignited, synthetic materials have the potential to burn quickly, where they could off-gas 
early during a fire at low temperatures (Hull, Brien & Stec 2016; Kerber 2011). Modern 
materials could therefore promote faster combustion reactions, and potentially lead to more 
toxicologically significant compounds being produced during the earlier stages of a fire (Crewe 
et al. 2014; Stec 2017). As material composition is continuing to change, it is currently not 
known what compounds can be expected from the heating of modern building materials. It is 
therefore also not known what hazards may be associated, and more information is therefore 
required on the off-gassing of modern materials. 
 
1.6    Toxicity Assessment at Fire Scenes 
It is necessary to detect and monitor the volatile compounds produced during a fire in order to 
obtain critical information of the potential hazards present. This is required so that first 
responders can take the necessary precautions for both their safety and the safety of anyone 
else potentially exposed, including the surrounding public and environment (Eckenrode 2001; 
Galuszka, Migaszewski & Namiesnik 2015). This is particularly important during large-scale 
fires, such as factory fires containing large quantities of potentially hazardous materials, and 
bush fires affecting residential areas. During these types of fires, there is a high risk of 
potentially harmful compounds spreading and depositing throughout the surrounding areas, 
where they can accumulate (Martin, Tomida & Meacham 2016; Stefanidou, Athanaselis & 
Spiliopoulou 2008). It is therefore necessary to quickly and accurately identify the types of 
compounds being produced so that the appropriate remediation can be performed, such as 
evacuating the affected areas and/or planning and conducting the necessary clean-up 
procedures. 
In order to identify and evaluate the fire effluents present, analytical chemistry techniques are 
required (Eckenrode 2001; Galuszka, Migaszewski & Namiesnik 2015). These analyses 
typically involve the use of initial detection devices for common compounds known to be 
immediately hazardous, followed by laboratory-based techniques for confirmatory analysis as 
well as screening samples for other significant toxicants. Currently, laboratory-based analyses 
are the only reliable methods for identifying potential toxins produced during a fire (Galuszka, 
Migaszewski & Namiesnik 2015). 
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The toxicity of fires will vary between scenes and, as a result, each scene requires its own 
individual assessment to fully evaluate the potential hazards present (Crewe et al. 2014; 
Eckenrode 2001; Galuszka, Migaszewski & Namiesnik 2015). It can however be difficult and 
time-consuming to fully identify and quantify the compounds at every scene. This has therefore 
led to standardisation where, in most cases, only a set list of pre-determined target compounds 
is screened for. This list is based on whether the compounds are toxicologically significant 
and/or frequently present at fires (Eckenrode 2001; NSW EPA 2006; Schnepp 2016). 
As mentioned, the initial analysis of fire effluents typically involves the use of detection 
equipment at the fire scene in order to determine the presence of certain compounds. These 
devices include various sensors such as electrochemical sensors, photoionization detectors 
(PIDs) and/or colorimetric tubes (Schnepp 2016). Electrochemical sensors are used for the 
detection and monitoring of compounds such as CO, oxygen, ammonia (NH3), chlorine (Cl), 
HCN and hydrogen sulphide (H2S). PIDs are then used to target organic compounds, such as 
benzene, butane, acetone and toluene (Schnepp 2016).  Although both electrochemical and PID 
sensors indicate for a variety of compounds, they may not specifically identify what is actually 
present. Colorimetric tubes can be set up to detect specific substances and/or a specific 
chemical group (Schnepp 2016). Although these devices provide a good presumptive test for 
determining some immediate hazards, and therefore help determine the required precautions 
and/or medical treatment for those potentially exposed, they can be quite limited. While they 
are designed with the intention to target specific compounds, they often present false positives 
and/or have inconsistent reaction times at various scenes. They typically have a saturation limit 
where, once exceeded, it will not be possible to determine amounts present (Schnepp 2016). 
For accurate analyses that will provide information on any other potential toxicants present, 
laboratory-based techniques are required (Galuszka, Migaszewski & Namiesnik 2015). This 
involves various sampling techniques at the scene, from the fire itself and/or the surrounding 
areas. The samples are then transported back to a laboratory for analysis (NSW EPA 2006). 
Although these techniques will provide the most detailed and reliable results on what 
compounds are actually present, the majority of these analyses can take up to several hours to 
run per sample. This unfortunately means that, due to the time required to collect, transport and 
analyse samples, results are not typically obtained until at least twenty-four hours after sample 
collection (Eckenrode 2001; Galuszka, Migaszewski & Namiesnik 2015). Critical chemical 
information is therefore not obtained, in most cases, until after the fire has already been 
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extinguished. First responders are therefore forced to make critical decisions regarding 
necessary safety precautions based on limited information.  
A viable solution to these issues is the development and application of field-portable 
instruments. Field-portable instruments are smaller and more robust versions of their laboratory 
counterparts (Galuszka, Migaszewski & Namiesnik 2015). Their main benefit is that they allow 
for direct analysis and screening of samples at the scene itself, while also being typically much 
faster and easier to set up and use than laboratory-based systems (Eckenrode 2001; Galuszka, 
Migaszewski & Namiesnik 2015). There is current research being undertaken in our research 
group to assess the accuracy and reliability of these instruments where, if proved reliable, these 
instruments have the potential to change how various compounds are analysed by bringing 
laboratory analysis directly to the scene (Lam et al. 2018). In regards to fires, these instruments 
would allow critical chemical information to be provided while the fire is still occurring, 
therefore allowing first responders to make more informed and better-directed decisions 
regarding safety and exposure prevention. Although these instruments will be of great value 
for the screening of fire effluents and, overall, provide more on-site information than current 
detection techniques, they remain a preliminary/presumptive measure where further laboratory 
analysis is still required to confirm findings (Galuszka, Migaszewski & Namiesnik 2015; NSW 
EPA 2006). 
An issue that is also currently preventing their application is the limited knowledge available 
on the compounds that are produced from modern building materials. These materials are 
introducing and potentially releasing a range of hazardous compounds that were not previously 
expected and, therefore, not necessarily on the existing prescribed target compound list. This 
has raised some uncertainty surrounding what compounds should be regarded as significant 
during on-site screening. Overall, this makes field-based analyses more complex as all relevant 
target compounds are not necessarily known.  
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1.7    Fires that Demonstrate the Influence of Modern Building Materials 
Recent incidents that highlight the lack of knowledge surrounding the behaviour of modern 
building materials in fires include the Grenfell Tower fire that occurred in London in 2017, and 
the Lacrosse fire that occurred in Melbourne in 2014.  
The Grenfell Tower fire occurred on 14th June 2017, where an electrical fire from a fridge had 
occurred on the fourth floor of the Grenfell Tower in London. Firefighters responded to the fire 
within six minutes after it had started, and advised residents to stay inside their apartments until 
the fire was extinguished or evacuate if this could be performed safely (Greenhill et al. 2017). 
However, there was an uncharacteristically rapid fire spread and within fifteen minutes the 
entire building was engulfed in flames (Bleby 2017; Greenhill et al. 2017). Due to how quickly 
the fire spread, as well as the lack of sprinkler systems and fire exits, evacuation became near 
impossible and it has been confirmed that 72 people lost their lives (BBC News 2018). 
Typically, an electrical fire of this nature would have been confined to the room of origin, and 
there would have been sufficient time for firefighters to extinguish it (Kerber 2012; Liang, 
Chow & Liu 2002). However, the aluminium composite panels (ACPs) used as exterior 
cladding on the building contributed to a rapid flame spread. It was found that the ACPs 
contained a polyethylene core. Polyethylene is known to be a highly flammable material, and 
therefore the material quickly caught alight and the fire spread upwards towards the higher 
floors of the building (Genco 2015; Greenhill et al. 2017). Due to the flammable nature of this 
material, there has been discussion as to whether its use was actually permitted (ABC news 
2017). According to UK standards and the BCA, for buildings three stories or greater it is 
required that any attachment to the external walls be non-combustible and limit the spread of 
flames (Building Code of Australia 2016; HM Government 2007). As discussed however, 
contrary to this, ACPs that have been found to be flammable have been widely used for this 
application, even in Australia. This has therefore raised some concerns regarding building 
codes and how they are being enforced (Genco 2015; Marfella 2017). 
In order for the ACPs to comply with the codes, testing after the Grenfell Tower fire indicated 
that they would need to be used along with non-combustible insulation (Victoria State 
Government 2018). However, another modern material that presented a hazard during the 
Grenfell Tower fire was the polyisocyanurate (PIR) foam used as insulation between the ACPs 
and the building’s walls (Kelso 2017). PIR foam is a fire resistant material; however, due to 
the high temperatures reached by the adjacent polyethylene ACP, it thermally degraded and 
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off-gassed various compounds. The main volatile compounds produced were the asphyxiants 
HCN and CO (Grierson & Sample 2017; Kelso 2017). As the PIR insulation was used 
throughout the exterior of the building, HCN and CO were potentially produced in considerable 
amounts. It has been suggested that exposure to these gases could have contributed to the deaths 
of some of the people trapped inside (Grierson & Sample 2017; Kelso 2017). This therefore 
highlights that although materials may be fire resistant, when they do reach their ignition 
temperature they will burn and potentially off-gas toxic compounds. This is particularly true 
due to the various chemicals that are imparted into the materials in order to give them their fire-
resistant properties (Molyneux, Stec & Hull 2013). 
A similar incident to the Grenfell Tower fire was the Lacrosse fire that occurred on 25th 
November 2014 in Melbourne (Bleby 2017; Marfella 2017). In this case, a small fire had started 
from a cigarette on the third floor balcony. Similar to the Grenfell Tower fire, there were 
polyethylene ACPs on the exterior of the building. As a result, once the fire had reached the 
exterior ACP there was an uncharacteristic and fast fire spread towards the higher floors of the 
building (Marfella 2017). Similar to the Grenfell Tower fire, an otherwise small fire, that 
should have been somewhat easy to extinguish, had rapidly turned into a major fire due to the 
building materials present. Unlike the Grenfell Tower fire, however, in this incident everyone 
was safely evacuated (Bleby 2017; Genco 2015; Marfella 2017). It has been found however, 
that despite this incident, the building still contained polyethylene ACPs almost three years 
after the incident (Bleby 2017).  
These fires highlight that there are a range of new materials being widely used, but it is not 
known how they behave during a fire or what the associated hazards may be. These fires also 
demonstrate that modern building materials are changing fire dynamics and, as a result, current 
knowledge and methods may not be adequate when making decisions regarding safety.  
The occurrence of fires is increasing, with approximately 3865 residential fires being addressed 
in NSW each year (Fire & Rescue NSW 2016; Jordon 2017). Due to the effects of climate 
change, the number of bushfires are also increasing as extreme fire weather conditions become 
more frequent (Dutta, Das & Aryal 2016; Hughes & Steffen 2013). It is therefore highly likely 
that, at some stage, these modern materials will be exposed to fire conditions. Currently, there 
is limited knowledge on the gasses that are produced from the heating of modern building 
materials. By identifying these gasses, it would provide vital information for the optimisation 
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of field-portable instruments used at fire scenes, and for understanding how these materials 
affect fire dynamics. 
 
1.8    Aims of Research and Significance 
Despite current building codes, the introduction of modern building materials has resulted in 
fires burning more rapidly along with fire toxicity being the main cause of injury/death. The 
composition of building materials continues to change where, overall, they are becoming more 
synthetic in composition, and are potentially introducing a range of chemicals that can pose a 
risk during fires. Currently, it is not known what compounds can be expected from the heating 
of modern building materials. It is therefore also not known what hazards may be associated, 
or if they are likely to influence fire dynamics such as flashover. The development of field-
portable methods is also hampered, as not all relevant target compounds are necessarily known. 
More information on the thermal degradation and off-gassing of modern building materials is 
therefore required. 
The overall aims of this research are to: 
I. Determine at what temperature selected building materials start to thermally decompose 
and therefore off-gas. 
II. Evaluate if off-gassing of selected building materials is influenced by aerobic and 
anaerobic fire conditions.  
The main aim is not to evaluate the presence of small compounds, such as HCN, CO and CO2. 
The reader is referred to the literature where this has been investigated for some modern 
building materials (Stec & Hull 2011, Stec et al. 2009 and Valencia at al. 2009). The focus of 
this research is on the presence of volatile organic compounds (VOCs) and semi-volatile 
organic compounds (SVOCs). The reader is also referred to a similar study that evaluates the 
presence of VOCs from modern building materials, however differs where materials were only 
analysed under well-ventilated conditions using different analysis techniques to those that are 
used in this study (Reisen, Bhujel & Leonard 2014).  
By determining the temperatures at which selected modern building materials are off-gassing, 
this research would assist fire experts in determining whether fire dynamics, such as flashover, 
are likely to be affected. This would also provide information on when people are likely to be 
exposed to the compounds produced. Evaluation of how aerobic and anaerobic fire conditions 
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may influence off-gassing will also allow for assessment as to when off-gassing is more likely 
to occur, and how compounds being off-gassed may vary between scenes. By addressing these 
aims, and analysing modern construction materials that are commonly utilised, this research 
will act as a pilot study for future research on determining the hazardous compounds that may 
be present during contemporary residential and/or factory fires. 
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2.1    Materials 
Samples for analysis were selected to represent modern building materials that are both 
common and readily available (Figure 1). In total, nine building materials were analysed. Seven 
of those materials were vinyl flooring, industrial grade carpet (unknown composition), floating 
floor underlay (unknown composition), pine timber, laminated pine timber, chipboard and 
chipboard with melamine. These materials were obtained from various hardware stores within 
the Hawkesbury area (NSW). The other two materials were two types of aluminium composite 
panels, referred to as ACP A and ACP B. The two aluminium composite panels were donated; 
their source, composition and suitable application are therefore not known. 
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Figure 1. Close-up optical images of building materials used for analysis (images are not to scale). 
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2.2    Analysis Methods 
2.2.1    SEM-EDX  
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX) was 
conducted on all nine samples before and after Simultaneous Thermal Analysis (STA) coupled 
to Fourier Transform Infrared Spectroscopy (FTIR) (refer below for information on the STA-
FTIR method). A Phenom XL Desktop SEM (Eindhoven, The Netherlands) was used for the 
analyses (Figure 2).  
SEM-EDX was conducted prior to STA analysis to ensure that the amount of sulphur present 
in the building materials was sufficiently low, because high quantities of sulphur can be 
detrimental to the STA’s furnace and sensors. SEM-EDX was also performed after STA-FTIR 
analysis to assess any morphological and elemental changes. 
 
 
Figure 2. Phenom XL Desktop SEM. 
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2.2.1.1    Sample Preparation  
Sample preparation for SEM-EDX, prior to STA-FTIR analysis, consisted of affixing 
approximately 1 x 1cm representative sample fragments onto aluminium SEM stubs with 
double-sided adhesive carbon tabs (ProSciTech, Kirwan, Australia). The sample preparation 
after STA-FTIR analysis involved the extraction of any remaining ash from the STA crucibles 
for mounting on SEM stubs using carbon tabs.  
Prepared samples were inserted into the Phenom sample holder and the stage height adjusted 
to be level with the highest sample plane. The stage height was then adjusted down a further 
8mm and the holder was inserted into the SEM for both imaging and EDX analysis.  
 
2.2.1.2    SEM Imaging 
The SEM settings for imaging were 15kV and 60Pa, with the analysis mode set to ‘Image’. 
Samples were analysed using the backscatter detector. After manually adjusting the focus, 
contrast and brightness, a representative area of the sample was magnified to 1000x and images 
recorded.  
 
2.2.1.3    EDX Calibration 
Prior to the elemental analysis of samples, calibration of the Phenom’s EDX was checked and 
where required adjusted, using a Phenom-World (Eindhoven, The Netherlands) copper and 
aluminium calibration stub. The stub was inserted into the sample holder with the stage height 
adjusted down to 8mm. The SEM was set to 15kV and 10Pa, with the analysis mode set to 
‘Map’. The copper section of the stub was magnified to 1000x and the whole area analysed 
using the Phenom ProSuite Elemental Identification software (version 3.8.2).  
If the copper peaks from the software did not line up with the peaks generated by the copper 
analysis, calibration was performed using the automated calibration function of the software. 
This involved adjusting the magnification of the stub until 40% copper and 60% aluminium 
was present, and then starting the calibration function. After the automated calibration was 
completed, the above calibration check was performed again to ensure the EDX was calibrated 
correctly.  
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2.2.1.4    EDX Analysis 
As mentioned, elemental analysis was performed for each sample before and after STA-FTIR 
analysis. Three representative areas of each sample were magnified to 1000x and analysed via 
the Phenom ProSuite Elemental Identification software (version 3.8.2). The SEM settings for 
EDX analysis were 15kV and 10Pa, and the analysis mode was set to ‘Map’. The amount of 
sulphur and other major elements present were estimated directly from the obtained X-ray 
emission spectra. This was done by visually comparing the heights of each generated peak, 
where the elements present in higher concentrations generated noticeably higher peaks than 
those only present in trace amounts. 
 
2.2.2    FTIR (ATR) 
FTIR was conducted on all the samples in order to obtain information on each material’s 
composition. The samples were analysed using a Bruker Vertex 70 FTIR (Karlsruhe, Germany) 
with a diamond attenuated total reflectance (ATR) stage accessory (Figure 3). 
 
 
Figure 3. Bruker Vertex 70 FTIR with diamond ATR accessory. 
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2.2.2.1    Sample Preparation 
Samples such as the vinyl flooring and floor underlay could be directly analysed using the ATR 
accessory. Other samples, however, such as the various wood and ACPs, required cutting into 
flat/thin fragments wide enough to cover the ATR crystal.  
The ATR was cleaned with ethanol prior to each sample analysis. 
 
2.2.2.2    FTIR Analysis 
Samples were analysed in triplicate and scanned 32 times with an aperture setting of 1.5mm 
and a resolution of 4cm-1. Spectra were obtained within the wavenumber range of 600cm-1 to 
4000cm-1. Using the Bruker OPUS software (version 7.5), the spectra were ATR and baseline 
corrected, and peak numbers were inserted. A library search was performed to find potential 
compounds/materials that were present in the samples. A range of spectral libraries, 
predominately from Aldrich and Hummel, were utilised for the library searches. All libraries 
combined contained ~56,000 reference spectra. 
To check the performance of the FTIR, a known polyethylene terephthalate (PET) reference 
sample was analysed at the start and end of each analysis day, and a library search performed. 
This was to ensure that the reference sample generated the same spectra as previously, and that 
the library search produced the correct identification.  
 
2.2.3    STA-FTIR 
STA incorporates Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 
(DSC) in the one instrument. STA was used to heat the samples and measure their 
corresponding thermal decomposition using a NETZSCH STA449C Jupiter STA (Selb, 
Germany).  
The STA was also coupled to a Bruker Vertex 70 FTIR with a TGA-IR gas cell (Karlsruhe, 
Germany), in order to provide IR spectra of the volatile compounds produced during heating 
(Figure 4).  
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Figure 4. NETZSCH STA449C Jupiter STA on the right, coupled to a Bruker Vertex 70 FTIR on the left. 
 
2.2.3.1    Sample Preparation 
Approximately 10mg of each sample was sealed into aluminium crucibles (NETZSCH, Selb, 
Germany) with the lids pierced; the exception to this was for the carpet and two ACP samples 
where ~5mg was used. The carpet’s individual layers were also analysed separately, where 
each layer was separated and sealed into aluminium crucibles. Approximately 5mg of the 
carpet’s attached cushion was used, whereas only ~2mg of the fibres and polymer backing 
could be used due to their light weight. Each sample was prepared and analysed in triplicate. 
The masses for each sample and crucible were measured using a Mettler Toledo XS105 
analytical balance (Port Melbourne, Australia). 
In order to create a baseline (discussed below) two blank crucibles were prepared by sealing 
empty crucibles with pierced lids. These empty crucibles are referred to as reference crucibles. 
After initial STA-FTIR analysis (see Section 4.3), the laminated timber, chipboard, chipboard 
with melamine, floor underlay and ACP A were dried in a Sterium 075 oven at 100°C for eight 
hours during the day, and at 80°C for approximately 14-hrs overnight. This was repeated over 
a second day/night.  The samples were re-analysed by STA-FTIR. 
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2.2.3.2    STA (TGA/DSC) Analysis 
Each sample was analysed in triplicate, where the STA was used to heat the samples from 40°C 
to 590°C at 10K/min. The samples were heated under an air atmosphere to represent oxygen-
rich fire conditions. The gas flow applied was 40mL instrumental air and 10mL argon as the 
protective gas. A 15-min isothermal step at 40°C was set for the start of the analysis run, in 
order to allow for additional time to tare the STA balance. 
A baseline was created by applying the above parameters to the two reference crucibles. The 
resulting baseline was applied as a correction for each sample analysis. One of the reference 
crucibles was also re-run with each sample as part of this correction. 
Mass losses of the TGA/DSC results were determined using the NETZSCH Proteus software 
(version 6.1).  
 
2.2.3.3    STA-FTIR Coupling 
The STA was coupled to the FTIR’s gas cell via a heated transfer line (NETZSCH, Selb, 
Germany). The temperature of the transfer line and the TGA-IR gas cell was maintained at 
200°C. To ensure that the STA-FTIR coupling was functioning optimally, 10mg of calcium 
oxalate, a known reference sample for this technique, was prepared as per section 2.2.3.1 and 
analysed each time the transfer line was connected, and also at the start of every second 
subsequent day of analyses.  
The evolved gas FTIR data was processed using the Bruker OPUS (version 7.5) software. The 
results generated a 3-D plot of the measured spectra across time/temperature. Spectra at 100°C 
intervals up to 590°C were extracted from this plot and processed by performing baseline 
corrections and smoothing. Peak numbers were also inserted using the software.  
 
2.2.4    Pyrolysis-GC-MS 
A Shimadzu QP2010 Ultra Gas Chromatography – Mass Spectrometer (GC-MS) with an 
EGA/PY-3030D pyrolysis unit (Kyoto, Japan), was used to flash pyrolyse each sample at a 
range of temperatures to detect and identify any products generated (Figure 5). This technique 
was used as a comparative analysis to the STA-FTIR to assess the products generated under 
oxygen-depleted conditions.  
26 
 
Figure 5. Shimadzu QP2010 Ultra GC-MS with an EGA/PY-3030D pyrolysis unit. 
 
2.2.4.1    Sample Preparation 
Approximately 0.5 x 0.5mm fragments of each sample were taken and placed into pyrolysis 
cups (Shimadzu, Kyoto, Japan). A pyrolysis stick was then inserted into the cup and used to 
suspend the cup from the sample holder. The sample holder was pulled up and inserted onto 
the GC-MS pyrolysis unit. In this position, the pyrolysis cup was outside of the hot zone of the 
pyrolysis unit. 
Due to the small sample size required for pyrolysis and to prevent overloading the system, the 
carpet could not be analysed as a whole. The layers that make up the carpet were analysed 
separately.  
Pyrolysis sticks were re-used after analysis. They were cleaned using dichloromethane (DCM) 
in a Soniclean 160TD sonicator for 15-min. This was repeated at least three times using fresh 
DCM each time. The pyrolysis sticks were then dried in a Modutemp furnace (Prochem 
Labware, Welshpool, WA) at temperatures up to 600°C. 
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2.2.4.2    Sample Analysis 
The results obtained from the STA analysis were used to determine the temperatures at which 
each sample would be flash pyrolysed. These temperatures ranged from 200 to 600°C 
depending on the building material. Each sample was analysed in duplicate for three pre-
determined pyrolysis temperatures.  
The interface temperature between the pyrolysis unit and the GCMS inlet was maintained at 
300°C. At the start of each analysis run, the sample holder was pushed down and locked. In 
this position, the pyrolysis cup was in the hot zone of the pyrolysis unit. It would remain there 
for an injection time of one minute before being pulled up again into the cold zone.  
The GC-MS utilised a constant flow system, with a total flow of 30mL/min. A 30m, 0.25mm 
ID, 0.25µm film thickness Restek SH-RTX-5MS column was used, with a column flow of 
1mL/min. Ultra high purity helium (grade 5.0) was used as the carrier gas. The injector on the 
GC-MS was set to 240°C with a 25:1 split ratio. The column oven was set to 45°C and was 
increased to 325°C at 5.52°C/min with a ten-minute hold time, giving an overall analysis time 
of ~60 minutes. The temperature of the MS detector was set to 250°C, with the MS interface 
set to 300°C. The mass range analysed was from 35.00 to 550.00m/z.  
At the start of each day an automated tuning was performed followed by a leak check on the 
MS detector. A 15-min blank analysis was performed to ensure there was no contamination or 
carry-over present in the GC. The blank was run under the same conditions as described, with 
the only difference that the oven temperature commenced at 70°C and increased to 300°C at 
25°C/min, with a seven-minute hold time. 
The chromatograms were analysed and compared visually using GCMSsolution - Postrun 
Analysis (version 4.2). A library search was performed for various peaks detected, using the 
National Institute of Standards and Technology (NIST) 2011 library, to tentatively identify 
compounds for comparison between materials.  
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2.2.5    Air Analysis via GC-MS 
A Varian 3800GC/2000MS Air Analysis GC-MS (Palo Alto, California) was utilised to 
provide a more detailed evaluation and comparison of the volatile compounds produced during 
the STA’s heating range (Figure 6). 
 
 
Figure 6. Varian 3800GC/2000MS Air Analysis System, consisting of the GC-MS on the left/bench  
and autosampler with Silcocan air canister on the right. 
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2.2.5.1    Sample Collection 
Samples were collected directly from the STA into a Silcocan air sampling canister (Restek, 
Bellefonte, Pennsylvania) via stainless steel Swagelok tubing (Figure 7). The tubing was kept 
as short as possible to minimise adherence of gases to the tubing and to prevent carry over. The 
tubing between the STA and air canister contained a T-piece with a vent line, to allow the STA 
to be purged without the gas being collected by the air canister. This was to assist in clearing 
out any potentially trapped gasses, either from those generated during the STA heating, or from 
the outside atmosphere when connecting the line. Both the vent line and the air canister could 
be closed independently. 
The samples that required drying for the STA-FTIR (referred to in section 2.2.3.1) were also 
analysed in dried form prior to collection into the air canisters. Sample preparation for the STA 
was the same as previously outlined in section 2.2.3. Prior to sample collection, the air canisters 
were cleaned using an air canister cleaning system and were placed under vacuum at close to  
-30mmHg. A member of staff performed the cleaning of the air canisters. 
Once the STA analysis was started, the vent line on the STA was closed and the line to the air 
canister opened, by opening the valve on the air canister. When opening the air canister, the 
mass changes on the STA instrument were monitored, to ensure that the canister was not 
drawing in too fast. This prevented the STA from going under vacuum and switching off the 
gas flow. The mass change also confirmed that the canister was in fact open and drawing in 
gas. By ensuring that the mass did not rapidly decrease, the canister was not opened too much, 
and conversely, by ensuring the mass did not rapidly increase, the canister was not still closed. 
The optimum flow rate was achieved when the mass stopped fluctuating prior to the end of the 
initial 15-min isothermal step. The canister was then left as is for the remainder of the analysis 
run. At the end of each sample run the canister was opened completely, for a brief moment, to 
clear out any remaining gasses that may have been present in the STA or transfer line. The 
canister was subsequently closed and capped. 
After collecting half of the samples, a blank/background was collected into an air canister 
following the above procedure with an empty crucible instead of a sample. This was to ensure 
that no contamination or cross-over was present in the tubing.   
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Figure 7. NETZSCH STA449C Jupiter STA connected to a Silcocan air canister. 
 
 
2.2.5.2    Sample Analysis 
After samples were collected from the STA the air canisters were pressurised to 5psi using zero 
air. This was to ensure that the collected compounds would release into the air analysis system. 
The air canisters were then connected to the air analysis system’s auto sampler and opened. 
The temperature of the auto sampler’s transfer line was maintained at 70°C. The sample was 
introduced into the cryotrap of the GC-MS at a flow rate of 20mL/min for 6.45 minutes. During 
sampling, the cryotrap was held at -150°C using liquid nitrogen. The cryotrap temperature was 
increased to 200°C to initiate the GC-MS analysis. The GC-MS utilized a constant pressure 
system at 20psi, with a total flow of approximately 16mL/min. A 60m, 0.32mm ID and 1.0µm 
phase thickness Restek SH-Rxi-1ms column was used. The column flow was determined to be 
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2.65mL/min at 50°C, with an open split of 13ml/min. At 200°C, the column flow was 
1.35mL/min. Ultra high purity helium (grade 5.0) was used as the carrier gas. At the start of 
the run, the column oven was held at 0°C using liquid nitrogen for 7 minutes, before heating 
to 160°C at a rate of 6°C/min. This was followed by a final heating step to 200°C at 10°C/min 
where it was held for 8.33 minutes. The temperature of the MS detector was set to 160°C, with 
the MS interface set to 220°C. The mass range was from 10 to 650m/z. 
At the start of each analysis day, a system blank was performed following the same procedure 
with zero air used as sample.  
The chromatograms were analysed and compared visually using Varian MS Workstation – MS 
Data Review (version 6.8). Library searching was then performed using the NIST 2011 mass 
spectral library, to tentatively identify some of the detected compounds. The chromatograms 
were also screened against a version of the TO-14 target compound list of known potentially 
hazardous compounds. TO-14 is a method that was developed by the US Environmental 
Protection Agency (EPA) for the screening of priority hazardous compounds/pollutants in air. 
It was designed for use against air samples from any environment, and has therefore likely been 
used for the screening of samples collected from fire scenes (Almasi & Kirshen n.d.; U.S. EPA 
1999).   
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3.1    Introduction 
Although the major component of most of the construction materials was known, this 
information was not known for all the materials chosen for this study. This was particularly 
true for the carpet, floor underlay, ACP A and ACP B. Preliminary analysis was required to 
characterise each material as much as possible, to assist in the interpretation of results from 
subsequent analyses. The aim was not to determine the entire chemical composition of the 
material, but rather to obtain information on the major components present. Even the materials 
for which the major components were known, were analysed, to ensure that no other major 
components were present that were not immediately apparent. 
Although identification of the materials’ components could potentially be linked to the types 
of compounds that are off-gassed, it was not the aim of this research to study this. Rather, this 
research was aimed at determining if the materials off-gas and if this off-gassing happens at 
temperatures that are relatively low for fires. Determining the link between off-gassed 
compounds and material composition would be the focus of future studies (refer to Chapter 7). 
Material characterisation was performed to assist with interpreting whether off-gassed 
compounds will vary depending on material composition.  
FTIR and SEM-EDX were utilised for this material characterisation. FTIR was chosen as it 
could provide information on the chemical composition for each material, by comparing the 
spectra obtained to those contained in a spectral library.  
SEM-EDX was chosen as it could provide detail on what elements make up each material, as 
well as offer some visualisation of the materials’ morphology. It was particularly useful for 
determining the amount of sulphur present in each sample prior to STA analysis. As mentioned 
in section 2.2.1, this was required as sulphur can be detrimental to the STA’s sensors and 
furnace. During heating, large quantities of sulphur pose the risk of forming sulphur dioxide 
which is corrosive.  
SEM-EDX was also used on the ash that remained after STA analysis. This allowed for a visual 
comparison of the material before and after heating, and could provide information on the 
extent that each material had thermally degraded. This also provided information in relation to 
the elements that remained after heating, which could assist in determining what may have 
potentially been released during the STA heating.  
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3.2    FTIR 
FTIR spectra were obtained for the individual layers of each material and these spectra were 
searched against a library database. The library matches that were deemed to have the best and 
most appropriate fit are shown in Table 1. Refer to Appendix A for the spectra and their chosen 
library matches.   
 
Table 1. FTIR library matches for the vinyl flooring, separate layers of the carpet, pine timber, laminated 
timber’s wood and adhesive, chipboard, chipboard with melamine, ACP A, and ACP B. 
Material Indicated Library Matches 
Vinyl Flooring Polyvinyl Chloride & Phthalate 
Industrial 
Grade 
Carpet 
Attached 
Cushion 
Polyvinyl Chloride, Phthalate & Calcium Carbonate 
Polymer 
backing 
Polypropylene 
Fibres Nylon 6/12 
Floor Underlay Calcium Carbonate 
Pine Timber Cellulose + Lignin 
Laminated 
Timber 
Wood Cellulose + Lignin 
Adhesive Chipboard 
Chipboard Wood Flour 
Chipboard 
with 
Melamine 
Wood Wood Flour 
Melamine No Match 
ACP A Polyethylene with Other Components Present 
ACP B Polyethylene  
 
Table 1 demonstrates that, for some construction materials, the FTIR library was only able to 
provide a specific chemical/material even though the construction materials are known to be 
mixtures.  The reason for this might be related to the fact that the library may only be matching 
to one or a limited number of components that are present in the building materials and is not 
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able to identify the presence of other components; alternatively, the library does not contain 
spectra for each of the components present in the materials analysed. For instance, the floor 
underlay could only be matched to calcium carbonate. It is unlikely that the underlay is solely 
made up of calcium carbonate; however, the FTIR analysis could not provide any further 
indication as to what the rest of the composition may be. 
The suggested matches for the four wood samples were also quite limited, where the library 
could only provide a proposed match to cellulose and lignin for the pine and laminated timbers, 
and wood flour for the two chipboards. It should be noted that the match of wood flour with 
chipboard A was not good, although some similarities could be observed in the spectra. Overall, 
these matches are expected as they are all composed of pine timber and are therefore likely to 
have similar chemical profiles to some extent. However, further information as to the 
differences between the materials, or what adhesives were present, could not be determined. 
This may have also been due to not being able to separate individual components such as the 
adhesive from the building materials, where only the laminated timber’s adhesive could be 
somewhat isolated for FTIR analysis. The library, however, could not actually identify the 
adhesive present; the best match was to a form of chipboard. The melamine layer only provided 
a match to cellulosic fibre and inorganic powder, however it was a poor fit and therefore it was 
determined that there was no match for the melamine layer (Appendix A). It is therefore likely 
that melamine was not in the utilised spectral libraries. 
Although the library could not provide specific identifications for some materials analysed, it 
was able to provide detailed information for the vinyl flooring, carpet and two ACPs. As 
displayed in Table 1, the vinyl flooring is suggested to be composed of polyvinyl chloride 
(PVC) and possibly also phthalate, as is the carpet’s attached cushion. This identification of 
PVC is expected for the vinyl flooring. The presence of phthalates is also expected as they are 
used as a plasticiser to soften what would have otherwise been a rigid and brittle plastic. 
According to the literature, however, phthalates are not chemically bound to the PVC and, as 
a result, can leach or evaporate from the material, leading to various exposure hazards 
(Heudorf, Mersch-Sundermann & Angerer 2007). In a fire scenario, it is therefore likely that 
they may also be released. PVC is also known to produce the irritant hydrogen chloride (HCl) 
during its decomposition, which may further produce dioxin, a known carcinogen (Meng 2014; 
Stec et al. 2013). It is therefore likely that the vinyl flooring will produce harmful compounds 
during a fire. 
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As mentioned, the attached cushion of the carpet is also PVC-based and, as it is composed of 
the same components as the vinyl flooring, there may be some similarities between these 
construction materials when they are heated. However, there are some differences in the spectra 
obtained for the carpet’s attached cushion compared to the vinyl flooring, in particular in the 
1400-1500cm-1 region. Although not confirmed, the peak at this wavelength range in the FTIR 
spectrum of the carpet’s attached cushion could relate to calcium carbonate (Appendix A).  
As indicated in Table 1, however, the carpet does have two other main components that may 
contribute to its volatile chemical profile when heated. The layout of these components is 
displayed in Figure 8, where the carpet’s fibres are adhered to the attached cushion via a 
polymer backing (Moody & Needles 2004). The library has identified the polymer backing as 
polypropylene, a thermoplastic that is commonly used in synthetic carpets (Moody & Needles 
2004). The fibres used on the top of the carpet are suggested to be nylon 6/12, an aliphatic 
amide. Nylon 6/12 is a commonly utilised synthetic fibre that differs from other common 
nylons by an increased number of methylene groups in the polymer backbone (Moody & 
Needle 2004). It is therefore more stable and moisture resistant than other nylons; however, as 
a trade-off, its melting point and other properties such as tensile strength, are lower (Moody & 
Needle 2004). Overall, it can be confirmed that the industrial grade carpet analysed in this 
study is completely synthetic, and contains components that are likely to burn readily.   
 
 
Figure 8. Schematic of the make-up of the industrial grade carpet analysed in this study, showing that the fibres  
are woven to the attached cushion via a polymer backing. 
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Table 1 suggests that the two ACPs are principally composed of polyethylene. Although the 
presence of polyethylene in ACP A might not be confirmed using FTIR alone, the FTIR results 
combined with knowledge of ACP materials suggests that polyethylene is present. However, 
ACP A has other components present, but these could not be identified. These additional 
components may attribute to different properties when being heated. The library did not 
indicate whether the polyethylene in both ACP A or B is low density or high density.  
As discussed in Chapter 1, polyethylene is flammable and its use within the composite panels 
of the Grenfell and Lacrosse fires had a major impact on fire development and flame spread. 
There is however little research on what gaseous compounds can be expected from these 
materials, or how off-gassing may have contributed to the accelerated fire conditions. Studies 
that have been conducted on other polyethylene containing materials suggest that there are 
volatile compounds produced from polyethylene that may potentially be toxic; however, 
further research is needed to confirm this (Borusiewics & Kowalski 2016; Meng 2014). It is 
also possible that ACP B may not solely consist of polyethylene, and that the FTIR has not 
identified all of the components present, as there are small, unexplained peaks present in the 
FTIR spectrum. 
 
3.3    SEM-EDX 
The representative elemental profiles of all nine materials are displayed in Figure 9. In regards 
to the general composition of the materials, both the vinyl flooring and carpet contain 
considerable amounts of chlorine, which is consistent with them being identified as containing 
PVC (Table 1). As mentioned in the previous section, HCl is a known irritant and these 
materials could therefore pose an exposure hazard if HCl is indeed released during thermal 
decomposition. 
The vinyl flooring and carpet also contain high amounts of calcium. It is likely that these 
materials contain the filler calcium carbonate, especially in the carpet’s attached cushion where 
there are high amounts of both calcium and oxygen. This aligns with the FTIR results obtained 
for the carpet’s attached cushion. Calcium carbonate is the most widely used filler and is known 
to be utilised in building materials such as PVC (Wypych 2016). This is supported by 
morphological observations in Figure 10.  
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Figure 9. Representative elemental profiles of each material’s separate layers and of the ash obtained after heating to 590°C. 
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Figure 9. Continued: Representative elemental profiles of each material’s separate layers and of the ash obtained  
after heating to 590°C. 
 
The SEM images in Figure 10 show the presence of irregular particulates in both the carpet 
cushion and the vinyl flooring that are consistent with calcium carbonate (Wypych 2016). 
These particulates are somewhat different between the two materials, where the carpet has 
considerably larger particles; however, it may explain why there are higher amounts detected 
in the carpet’s attached cushion. There are a range of calcium carbonate fillers that differ in 
size depending on their preparation (Wypych 2016). 
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Similar to the vinyl flooring and carpet, the floor underlay also contains a high amount of 
calcium and oxygen, as well as similar particulates to calcium carbonate (Wypych 2016). This 
further verifies the FTIR results from the floor underlay; however, as can be seen in the floor 
underlay’s SEM image, it does contain other components that have not been identified. Apart 
from the presence of elevated sodium, silicon, and potassium, no further information can be 
determined for the composition of the floor underlay. 
As portrayed in Figure 9, the elemental profiles of the four wood materials appear to be 
comparable to one another. This confirms the results observed with FTIR. Once again, this is 
likely due to the main composition being pine timber. The main elements present in the wood 
materials is carbon and oxygen, which is consistent with an organic material such as cellulose. 
The wood also appears to contain low amounts of calcium; however, unlike the vinyl flooring 
and carpet, the calcium is likely to be naturally present. Both calcium and potassium are 
considered to be essential macronutrients for the formation of wood in trees and, as the 
elemental spectra suggests, materials containing wood are likely to contain trace amounts 
(Fromm 2010).  
Some differences between the four wood samples include higher amounts of sodium in the 
laminated timber, higher amounts of silicon in the chipboard, and the presence of titanium in 
the chipboard with melamine. The increased amounts of sodium and silicon are only small, and 
it is unclear why these elements are present. The presence of titanium in the chipboard with 
melamine is most likely from the pigment added to the white melamine layer, where titanium 
dioxide is frequently used in white paints and dyes (Gazquez et al. 2014). 
The representative elemental profiles and SEM images of ACP A and B are also displayed in 
Figures 9 and 10. The FTIR results in the previous section indicated that both of the ACPs are 
a form of polyethylene, with the only difference being that ACP A also contained other 
components. These other components are further confirmed by the SEM-EDX results, where 
ACP A contains a considerable amount of aluminium and the presence of many particulates. 
The morphology of these particulates, and the aluminium, suggests that ACP A contains 
aluminium hydroxide (Wypych 2016). Aluminium hydroxide is a filler commonly used in 
composite panels to provide fire resistant properties (Sonnier et al. 2016; Wypych 2016). It can 
therefore be determined that ACP A was designed to have some fire resistance. ACP B however 
does not appear to contain any form of filler and, as polyethylene is considered flammable, it 
is likely not fire resistant.  
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Figure 10. Representative backscatter SEM images at 1000x magnification before and after heating to 590°C for 
the vinyl flooring (A) top surface (i) and base (ii), the carpet (B) attached cushion (i), polymer backing (ii) and 
fibres (iii), the floor underlay (C) top surface (i) and base (ii), the pine timber (D), the laminated timber (E) 
wood (i) and adhesive (ii), the chipboard (F), the chipboard with melamine (G) wood side (i) and melamine 
side (ii), ACP A (H) and ACP B (I). 
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The remaining elements that have not been discussed are fairly consistent across the samples, 
and are not able to provide any further indication of the material’s composition, properties, or 
the potential to generate volatile compounds in a fire.  
Apart from providing additional information on the composition of each material chosen for 
analysis, SEM-EDX was also used to evaluate the amount of sulphur present in each material. 
As seen in Figure 9, there is sulphur present in each material; however, in comparison to the 
other elements, the sulphur concentrations are quite low. All nine materials were therefore 
deemed suitable for STA analysis.  
The ash for each sample after STA analysis was re-analysed and the results are also displayed 
in Figures 9 and 10. Table 2 summarises the observed compositional changes after heating, as 
well as conclusions on what these changes may indicate.  
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Table 2. Observations of the compositional changes of each material (from Figures 9 and 10), after the materials were heated to 590°C 
during STA analysis. 
 
Material 
Elemental  
Changes 
Morphological Changes Conclusions 
Vinyl 
Flooring 
Significantly lower 
amounts of chlorine. 
High amount of calcium 
remaining. 
No apparent change in 
the ratios of the other 
elements. 
The presence of polymer 
strands is now visible. 
Fillers seen prior to heating 
are still visible. 
The reduced amount of chlorine indicates that it is 
potentially being off-gassed during the heating. As 
indicated by the high amount of calcium, the 
calcium carbonate fillers did not degrade. It is 
likely that this material did not completely 
decompose, as there are polymer strands present 
after heating. 
Industrial 
Grade 
Carpet 
Reduced amount of 
carbon. 
No apparent change in 
the ratios of the other 
elements. 
Fibres and polymer backing 
are no longer visible. 
The presence of polymer 
strands is now visible. 
Fillers seen prior to heating 
are still visible and make up 
the majority of the ash. 
The carpet appears to have undergone thermal 
decomposition, with the absence of both the fibres 
and polymer backing. However, similar to the 
vinyl flooring, which also contains PVC, the 
calcium carbonate fillers have remained and there 
are now polymer strands present. It is therefore 
likely that the carpet also did not completely 
decompose. However, unlike the vinyl flooring, 
the carpet did not indicate reduced amounts of 
chlorine – suggesting that it is potentially not as 
easily released during this material’s thermal 
decomposition 
Floor 
Underlay 
Reduced amount of 
carbon. 
No apparent change in 
the ratios of the other 
elements. 
Fibrous material from the 
underlays top surface are no 
longer visible. 
Fillers seen prior to heating 
are still visible and make up 
the majority of the ash. 
Observations suggest that the top fibrous layer of 
the floor underlay had completely decomposed. 
However, once again the calcium carbonate fillers 
have remained. It is uncertain whether this 
material completely decomposed. It also cannot be 
determined what compounds were potentially 
released. 
Pine 
Timber 
Reduced amount of 
oxygen. 
Slightly higher amounts 
of potassium and 
calcium remaining. 
No apparent change in 
the ratios of the other 
elements. 
Retained its cellulose 
structure. 
Material appears to be 
fractured and more brittle. 
The retained cellulose structure suggests that the 
material did not completely decompose, however 
the reduced oxygen indicates it did undergo 
combustion. The slightly higher potassium and 
calcium suggests that those elements are retained 
after heating. It cannot be determined if 
compounds were off-gassed during the heating. 
Laminated 
Timber 
Reduced amount of 
oxygen. 
Slightly higher amounts 
of potassium and 
calcium remaining. 
No apparent change in 
the ratios of the other 
elements. 
Retained its cellulose 
structure. 
Material appears to be 
fractured and more brittle. 
Cannot determine whether 
the adhesive layer remained 
after heating. 
Same as for pine timber. 
It is likely that the laminated timber’s adhesive 
layer has decomposed, however this cannot be 
confirmed. 
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Table 2. Continued: Observations of the compositional changes of each material (from Figures 9 and 10), after the materials were 
heated to 590°C during STA analysis. 
 
Material 
Elemental  
Changes 
Morphological Changes Conclusions 
Chipboard 
Reduced amount of 
silicon, and oxygen. 
Slightly higher amount 
of potassium remaining. 
No apparent change in 
the ratios of the other 
elements. 
Retained its cellulose 
structure. 
Material appears to be 
fractured and more brittle. 
Same as for pine timber. 
There is slightly higher potassium remaining than 
the calcium, however this may be due to the small 
sample size analysed, where the potassium and 
calcium amounts are likely to vary. 
 
Chipboard 
with 
Melamine 
Reduced amount of 
oxygen. 
Higher amount of 
titanium remaining. 
No apparent change in 
the ratios of the other 
elements. 
Retained its cellulose 
structure. 
Surface is coated with an 
element that appears 
“brighter” than the pine 
timber. 
Same as for pine timber. 
It appears that the titanium from the melamine 
layer has remained after heating. This is confirmed 
in the SEM image where the “brighter” areas 
represent element(s) with a high atomic mass. 
 
ACP A 
Significantly decreased 
amounts of carbon and 
oxygen. 
High amount of 
aluminium remaining. 
No apparent change in 
the ratios of the other 
elements, however 
potassium and calcium 
are no longer detected. 
Fillers seen prior to heating 
are still visible. 
 
 
The significant decrease in both carbon and 
oxygen suggests that ACP A had decomposed a 
substantial amount. It appears however that the 
aluminium hydroxide fillers have remained. 
It also appears that there is no longer any calcium 
or potassium present. However, as the ratio of the 
remaining elements are still consistent, it is likely 
that the amount of potassium and calcium have 
varied due to the small sample size analysed. 
Particularly as ACP A also contains fillers and 
other components that may not be evenly 
distributed. 
ACP B 
Significantly reduced 
amounts of carbon and 
oxygen. 
No apparent change in 
the ratios of the other 
elements, however 
titanium has been 
detected. 
Appears to be mostly ash, 
however there are some 
“bright” particles that were 
not seen prior to heating. 
Similar to ACP A, ACP B appears to have 
decomposed a substantial amount. It is possible 
that the presence of titanium (the “bright” 
particles) may only now be apparent due to the 
large reduction of polyethylene after heating. It is 
also possible that trace amounts from the ACP’s 
exterior metal panelling are present. 
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3.4    Chapter Conclusions 
As previously mentioned, prior to FTIR and SEM-EDX analysis, the main components of some 
of the materials was already known. The vinyl flooring was known to be of PVC composition, 
and the wood materials were known to be predominately pine timber. It was also known that 
the laminated timber and chipboards contained adhesives, and that the chipboard with 
melamine had a melamine layer.  
Through FTIR analysis, the main components of the remaining four materials were determined. 
Similar to the vinyl flooring, the carpet’s attached cushion was found to contain PVC and 
phthalates; as well as potentially calcium carbonate. The carpet was also found to consist of a 
polypropylene polymer backing, and nylon fibres. The composition of ACPs A and B were 
found to be a form of polyethylene, however, they differed in that ACP A also contained other 
components. Unfortunately, the FTIR analysis could not provide specific identification for all 
the materials. The floor underlay, for example, was found to contain calcium carbonate 
however, addition information on its other components could not be determined. Additional 
information regarding the wood material’s adhesives could also not be determined. 
SEM-EDX was primarily performed to evaluate the amount of sulphur present in each material, 
prior to STA-FTIR analysis. Overall it was found that, despite all of the materials containing 
sulphur, in respect to the other elements present, the sulphur amounts were insignificant and 
therefore the samples were suitable for thermal analysis via STA-FTIR. SEM-EDX analysis 
also revealed the presence of fillers in the vinyl flooring, carpet, floor underlay and ACP A. 
Depending on the amount of fillers present, in a fire scenario they may provide the materials 
with fire resistant properties, where it is likely to reduce the extent to which the material will 
thermally degrade.  
As previously discussed, the majority of the construction materials are synthetically composed. 
Some of the identified components are known to burn readily, such as the polyethylene. 
Through analysis of the ash content obtained after STA-FTIR analysis (refer to Chapter 4 for 
STA-FTIR results), it can be seen that all of the materials had undergone thermal 
decomposition. Changes in the elemental compositions in particular, indicated that the vinyl 
flooring may have off-gassed HCl, a known irritant. Although other potentially off-gassed 
compounds could not be determined, analysis of the ash indicated that materials, such as the 
ACPs, degraded significantly where they are therefore likely to have off-gassed.  
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Subsequent analyses (results of which are provided in the chapters to follow) will be able to 
more accurately determine whether off-gassing is occurring during the thermal decomposition 
of the construction materials. The results of this chapter will assist with this interpretation, by 
providing an understanding of how the materials may behave when heated, based on their 
composition.  
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Chapter 4 
 
Thermal Degradation  
and Off-gassing 
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4.1    Introduction  
As explained in Chapter 1, it is currently unclear at what temperatures construction materials 
start to off-gas in a fire, and therefore during what stages of fire development this off-gassing 
might contribute to fire behaviour. This chapter aims to determine the temperatures at which 
selected construction materials start to thermally decompose, and whether off-gassing is also 
occurring. The temperature at which the materials begins to off-gas is important, as it will 
determine when environmental or human health might be impacted, and if any associated off-
gassing may contribute to fire development and flashover. 
To determine the behaviour of the construction materials at different temperatures, STA-FTIR 
analysis was performed. To replicate typical fire conditions, the STA was used to heat the 
samples from 40 to 590°C under aerobic (instrumental air) conditions. Higher temperatures 
were not used for two reasons. Firstly, to prevent any potential damage to the instrument. The 
aluminium crucibles utilised for this analysis will melt at 600 – 610°C, and therefore exceeding 
590°C would damage the STA sensors if it were to occur. Other crucibles that can exceed 
600°C are available, however they are costly. At higher temperatures there is also an increased 
risk, depending on the material’s compatibility, of reactions occurring with the crucible and/or 
furnace. Secondly, determining the behaviour of the materials at these relatively low 
temperatures is important. It is at these lower temperatures that off-gassed compounds 
contribute in a critical manner to fire development. It is also during lower temperatures that 
potential victims within the vicinity of the fire are more likely to be exposed. As discussed in 
Chapter 1, in a completely aerobic atmosphere, the compounds off-gassed at higher 
temperatures are expected to be fully consumed in the fire, resulting in CO2, water vapour and 
other small molecules being present (Stec & Hull 2011). It is therefore more likely that 
compounds that will pose the greatest risk to human and environmental health, will occur at 
the lower temperatures.  
STA applies both TGA and DSC to a sample, during the prescribed atmospheric and heating 
conditions (Schindler et al. 2013). TGA measures the changes in a sample’s mass, whereas 
DSC measures the changes in enthalpy (Causin et al. 2009; Fateh et al. 2013). STA can 
therefore provide information on the temperatures at which thermal decomposition is 
occurring, and whether the material degrades exothermically (giving of heat) or 
endothermically (absorbing heat).  
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Off-gassing is likely to be occurring during the STA’s indicated decomposition steps; however, 
additional analysis is required in order to identify any compounds being released. FTIR was 
therefore coupled to the STA via a heated transfer line, to provide chemical information on any 
volatile compounds that are released.  
 
4.2    STA 
Representative TGA/DSC curves for the nine construction materials are displayed in Figures 
11, 13 and 14. Representative TGA/DSC curves for the carpet’s individual layers are shown in 
Figure 12. The TGA curves are presented as a solid line, whereas the DSC is represented by a 
broken line. If the DSC plot shows a positive peak, the process indicated is exothermic; if the 
peak is negative, the process is endothermic. All curves are plotted against temperature and the 
calculated mass changes for each decomposition step are shown.  
The STA results for the vinyl flooring, carpet and floor underlay are displayed in Figure 11. 
The vinyl flooring appears to have two main decomposition steps over the temperature range. 
The first step portrays a steep mass loss of 47.9%, occurring from 220 to 320°C. This is 
followed by a more gradual mass loss that does not level out/plateau, suggesting that the vinyl 
flooring did not completely decompose during the 40 to 590°C heating. This is further 
supported by the material still containing ~36% of its mass at the end of the analysis. As 
discussed in Chapter 3, the ash content of the vinyl flooring after STA analysis predominately 
contained calcium fillers, with significantly reduced amounts of chlorine. It is therefore likely 
that the polymer component (PVC) of the vinyl flooring had decomposed during the main 
decomposition step at ~300°C, when the material lost almost half of its mass. Off-gassing of 
compounds such as HCl is therefore likely to have been occurring at ~300°C. It is also during 
this stage that the vinyl flooring started to produce heat, with further heat production at ~420°C 
and ~550°C. These additional increases in heat production may potentially indicate the release 
of other volatile compounds; however, further analysis is required to confirm this.  
The decomposition profile of the carpet is somewhat similar to that of the vinyl flooring, with 
both portraying a main mass loss around 300°C, followed by a gradual mass loss that does not 
plateau. Both materials also had similar overall mass losses of ~60%. These similarities are 
likely to be related to both materials containing a PVC polymer, and therefore suggests that it 
is the carpet’s attached cushion that is decomposing during the main decomposition step 
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(~300°C). Off-gassing of compounds such as HCl is, again, likely to be occurring at this 
temperature. The carpet is however also made up of two other components (polymer backing 
and fibres), which may explain why it does not lose the same amount of mass as the vinyl 
flooring at ~300°C (pro rata, there is less PVC in carpet than in vinyl flooring). This may also 
be due to the carpet’s attached cushion containing more/larger calcium carbonate fillers than 
the vinyl flooring, where it would constitute a higher proportion of the mass. Analysis of the 
ash content (refer to Chapter 3) indicated that calcium carbonate fillers were still present in the 
carpet sample after the STA analysis. 
Unlike the vinyl flooring, the carpet has two additional mass losses from 320 to 450°C, and 
from 450 to 590°C. These mass losses are likely related to the polymer backing and/or fibres, 
but this will be discussed in more detail below. The heat production from the carpet starts at 
~300°C during the main decomposition step; although it does increase and reaches a peak 
between 450 and 550°C, it is not a steady progression and may be due to the carpet’s 
components combusting at slightly different temperatures. This is also further discussed below. 
Similar to the carpet, the floor underlay portrays three steps of thermal decomposition; 
however, this starts at a lower temperature and, overall, convey only gradual mass losses. The 
first mass loss occurs at ~200°C; however, it is only small with a ~1% mass loss. The following 
two decomposition steps lose similar amounts of mass of ~10%, and it cannot be determined 
whether one or both are the main decomposition steps. It is therefore likely that off-gassing is 
occurring at an even rate over the two decomposition steps. The DSC indicates that heat is 
being produced from as early as ~200°C; however, it rapidly increases and reaches a maximum 
during the final decomposition step between ~400 and 500°C. After 500°C, the heat production 
drops to 0mW/mg, suggesting that a component of the floor underlay was completely 
consumed. This is further supported by the TGA, where the mass loss plateaus at the same 
temperature, indicating that the floor underlay had finished decomposing during the 40 to 
590°C heating. Despite this, however, the floor underlay still had ~80% of its mass remaining. 
It is therefore possible that the floor underlay would further decompose at higher temperatures. 
As discussed in the previous chapter, apart from the presence of calcium carbonate, the 
composition of the floor underlay could not be determined. There was also little difference 
between the SEM-EDX results recorded before and after heating. At this stage, it is not possible 
to determine what may have potentially been released, or if components other than the calcium 
carbonate remained after heating.  
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Figure 11. Representative TGA/DSC curves of the vinyl flooring (A), industrial grade carpet (B), and  
floor underlay (C) when heated from 40 to 590°C 
 
STA was performed for the individual components of the carpet in order to gain more insight 
into the temperatures at which off-gassing would occur. This information was beneficial in 
relation to subsequent pyrolysis GC-MS analysis as discussed in Chapter 5. The representative 
TGA/DSC curves of the carpet’s attached cushion, polymer backing and fibres are displayed 
in Figure 12. 
The carpet’s attached cushion portrays two decomposition steps. The first mass loss is the main 
decomposition step, occurring at ~300°C with a mass loss of ~30%. This decomposition step 
aligns with the main decomposition step of the whole carpet in Figure 11, and confirms that 
the attached cushion contributes to the decomposition of the whole carpet at this temperature. 
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The main decomposition step for the attached cushion is followed by a more gradual loss that 
plateaus at ~480°C. This plateau suggests that the attached cushion had finished decomposing 
during the applied temperature range, with ~60% of the material still remaining. As discussed 
earlier, this remaining mass is likely to be the calcium carbonate fillers, and suggests that they 
constitute a large proportion of the PVC within the attached cushion. The DSC profile for the 
attached cushion indicates two heat production steps occurring towards the end of both of the 
measured mass losses. This likely indicates the combustion of the PVC, as well as potentially 
another component within the attached cushion. It is also likely that more off-gassing takes 
place during those periods of heat release.  
The thermal decomposition of the polymer backing also occurs in two steps, with the main 
mass loss occurring at ~300°C, followed by a gradual loss that plateaus at ~520°C. This 
indicates that the main decomposition step of the whole carpet at ~300°C (Figure 11) relates to 
the decomposition of the attached cushion and the polymer backing combined. The DSC for 
the polymer backing portrays an endothermic event at ~160°C with no change in mass. This 
indicates that the material had undergone melting, which is consistent with the identification 
of polypropylene which has a melting point of ~165°C (Mirjalili, Chuah, & Salahi 2014). From 
200°C, the polymer backing started to produce heat, with three distinct peaks observed over 
the duration of the heating. Once again, heat is being produced during the mass losses, 
indicating combustion with more off-gassing likely to occur during those stages. After 520°C, 
however, the DSC curve decreases and becomes endothermic. During this stage, the TGA 
suggests that the material had completed its decomposition for the applied temperature range, 
with less than 3% of the mass remaining. This may indicate that either the remaining material 
has melted further, or that the empty crucible was potentially absorbing heat.  
The fibres also produced two decomposition steps during the 40 to 590°C heating. However, 
they differ significantly from the other carpet components in that the first/main decomposition 
step loses mass at ~400°C. During this loss, the fibres had lost almost 80% of their mass. Off-
gassing of the fibres is therefore also likely to be occurring at higher temperatures than the 
other carpet components. This decomposition of the fibres at higher temperatures explains why 
there is a second decomposition step from 320 to 450°C in the TGA curve for the whole carpet 
(Figure 11). The second decomposition of the fibres, between 450 and 590°C, is slightly steeper 
than those in the other carpet components. The remaining ~20% of the fibres is consumed in 
this decomposition step. Although there may be some contribution from the other carpet 
components, it is likely that the third mass loss for the whole carpet between 450 and 590°C 
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can be largely explained by the decomposition of the fibres. The TGA for the fibres also 
indicates that, at the end of the decomposition, the fibres overall have lost ~98% of their mass. 
The DSC indicates that it is during the second decomposition step of the fibres that the majority 
of the heat is produced, further indicating combustion. The amount of heat produced is 
significant, where the fibres produced ~25mW/mg. Despite the low mass of fibres present, in 
comparison to the attached cushion, the fibres would have had the greatest influence on the 
heat production indicated at ~550°C in Figure 11 for the whole carpet. 
Overall, it can be confirmed that the fibres, polymer backing and PVC in the attached cushion 
would have been consumed during the 40 to 590°C heating, and that the calcium carbonate 
fillers in the attached cushion are likely to be the remaining component after the STA analysis.  
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Figure 12. Representative TGA/DSC curves of the carpet’s attached cushion (A), polymer backing (B) and  
fibres (C) when heated from 40 to 590°C. 
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Figure 13 displays the TGA/DSC curves of the four wood materials: pine timber, laminated 
timber, chipboard and chipboard with melamine. All four materials produced a similar 
TGA/DSC decomposition profile. The first mass loss occurs from 90 to 120°C, with a small 
loss of approximately 3–5%. It is likely that this initial loss is water evaporation. Due to the 
hygroscopic nature of wood materials, they will contain some moisture (Cai & Liu 2007; 
Rahman, Hamdan, & Hui 2016). The next mass loss occurs from 250 to 350°C, and this is the 
main decomposition step for each of the wood materials. During this step, each material had 
lost around 50% of its mass and it is therefore likely to be the stage at which off-gassing is 
occurring the most. The DSC profile also indicates an exothermic event over the 250 to 350°C 
range, where the materials start to produce heat. This continues to increase throughout the 
remainder of the STA analysis. It is likely that the wood materials have reached combustion at 
this stage and, after ~350°C, they all present a gradual yet steady loss of mass. This final mass 
loss does not plateau towards the end of the heating, and it is therefore likely that the wood 
materials did not finish decomposing. This is further supported by the samples still containing 
between 20 to 30% of their mass at the end of the STA analysis. To prove this however, a 
higher temperature run (above 590°C) would be required.  
The analysed wood materials are predominately composed of pine timber, which explains why 
they decompose and produce heat at similar temperatures. It is apparent, however, that the pine 
timber lost the most mass (84.2%), followed by the laminated timber (79.4%), chipboard 
(76.3%) and chipboard with melamine (71.5%). This difference in the overall mass loss 
suggests that the more synthetically composed materials contain components that have not 
completely degraded after heating to 590°C. This is particularly true for the chipboard with 
melamine, where the SEM-EDX analysis of the remaining ash had indicated that the titanium 
from the melamine layer had remained. As discussed in Chapter 3, despite conducting SEM-
EDX analysis, the remaining components for the other wood materials could not be identified. 
Although the chipboard with melamine appears to have decomposed the least, both it and the 
laminated timber produced the most amount of heat of ~12mW/mg. It is possible that additional 
components are present in these materials, besides the wood, that have contributed to the off-
gassing of volatile compounds that may promote higher heat production. The chipboard 
without melamine appears to have produced the least amount of heat (~8 – 9mW/mg), therefore 
suggesting that the presence of melamine contributed to higher heat generation. Therefore, 
despite the similarities discussed in both this and the previous chapter, there are likely to be 
differences in the off-gassed compounds for each of the wood materials. It should be noted, 
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however, that as the wood materials have not finished decomposing it is not possible to 
determine the total amount of heat generated. Although the laminated timber and chipboard 
with melamine generated the most heat during the 40-590°C temperature range applied, future 
work that involves heating the wood materials above 590°C, is required to confirm whether 
they produce the most heat in total.   
 
  A 
 
 
  B 
 
 
  C 
 
 
  D 
 
 
 
Figure 13. Representative TGA/DSC curves of the pine timber (A), laminated timber (B), chipboard (C)  
and chipboard with melamine (D) when heated from 40 to 590°C. 
 
The representative TGA/DSC curves for ACP A and ACP B are displayed in Figure 14. 
Although the curves appear to be distinctly different, there are some fundamental similarities. 
Both of the ACPs start to gradually decompose from 250°C, with the main mass loss occurring 
at ~450°C. They both also appear to have similar final decomposition steps at ~500°C, where 
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both lose ~8% of their mass. There are also similarities in the DSC curves, where they both 
show an endothermic event at ~125°C, which is consistent with the melting point of 
polyethylene (Zhao, Sun & Li 2014). The DSC also indicates that the greatest amount of heat 
for both of the ACPs is produced during the final decomposition step. 
The main differences between the two ACPs therefore occurs between 250 and 480°C, where 
ACP A portrays additional decomposition and endothermic events. The decomposition steps 
of ACP A over this temperature range occur at ~300°C, with a mass loss of ~20%, and at 
~450°C, with a mass loss of ~26%. ACP B however displays only one decomposition step for 
that temperature range at ~450°C, where it lost ~80% of its mass. ACP B had therefore 
decomposed the most out of the two ACPs, as ACP A overall only lost ~50% of its mass. This 
difference in total mass loss is significant and is likely due to the aluminium hydroxide fillers 
in ACP A, where they are typically applied to provide fire resistant properties. Aluminium 
hydroxide decomposes at ~300°C and may explain the endothermic event seen at this 
temperature, where aluminium hydroxide is known to absorb heat during its decomposition 
(Hull, Witkowski & Hollingberry 2011; Weil, Levchik & Moy 2006). The mass loss observed 
for this decomposition step is likely related to other unknown components present (as 
previously discussed in Chapter 3), and/or potentially from unknown additives within the 
fillers. The polyethylene has likely decomposed at the same temperatures as the polyethylene 
in ACP B, at ~450 and ~500°C. As ACP A does have an additional decomposition step at 
~300°C, there is the potential for more volatile compounds to be off-gassed earlier compared 
to ACP B.   
  A 
 
 
  B 
 
 
 
Figure 14. Representative TGA/DSC curves for ACP A (A) and ACP B (B), when heated from 40 to 590°C. 
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4.3    STA-FTIR 
To gain further insight into the volatile compounds being off-gassed during the heating of the 
different construction materials, STA was coupled to FTIR. FTIR results obtained during the 
STA heating were initially displayed as a 3-D plot. Figure 15 displays an example plot for the 
vinyl flooring, where the measured absorbance at specific wavenumbers is plotted against 
temperature. The 3-D plots provide an overview of when compounds are released over the 
temperature range. For example, Figure 15 indicates that the vinyl flooring does not produce 
any volatile compounds until after approximately 300 °C. This is consistent with the mass 
losses discussed in the previous section. To allow for a more detailed interpretation, individual 
spectra at 100, 200, 300, 400, 500 and 590°C were extracted from the 3-D plots of each 
material.  
 
Key: 
Z = Temperature 
X = Wavenumber cm-1 
Y = Absorbance Units 
 
Figure 15. Representative STA-FTIR 3-D plot of the vinyl flooring. 
 
Extracted spectra for the vinyl flooring are displayed in Figure 16. Similar to the 3-D plot, the 
spectra indicate that compounds are not being detected until 300°C, which is the main 
decomposition step of the vinyl flooring. The vinyl flooring appears to be producing a range 
of compounds at this temperature, whereas the subsequent temperatures only show the presence 
of carbon dioxide and carbon monoxide. This supports the theory that the majority of off-
gassing is occurring during the main decomposition steps for each material.  
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Figure 16. Extracted FTIR evolved gas spectra for vinyl flooring at  
100, 200, 300, 400, 500 and 590°C. 
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After initial STA-FTIR analysis, it was found that some of the materials had generated 
significant water peaks, which prevented both the detection and interpretation of other 
compounds. As mentioned in Chapter 2 (section 2.2.3.1), in order to overcome this the floor 
underlay, laminated timber, chipboard, chipboard with melamine, and ACP A were dried in an 
oven to remove any moisture present. The STA results of the dried samples did not vary 
significantly from the STA results obtained before drying. An example of the STA-FTIR 
results obtained before and after drying is included in Appendix B for floor underlay. Only the 
dried FTIR results for the floor underlay, laminated timber, chipboard, chipboard with 
melamine, and ACP A are presented in this chapter.  
The extracted spectra for the remaining eight materials are also included in Appendix B. Except 
for floor underlay and the two ACPs, the other materials behaved similarly to the vinyl flooring, 
with the majority of the compounds off gassing from 300 to 590°C. The floor underlay was 
found to have off-gassed compounds across the entire temperature range. ACP A on the other 
hand, produced the most compounds at 300, 400 and 500°C, whereas ACP B was shown to 
have off-gassed predominately at 400 and 500°C. Again, this is consistent with the 
decomposition steps discussed in the previous section. 
The detected FTIR peaks for each material, and their tentative assignments, are presented in 
Table 3. As suspected, both the vinyl flooring and carpet had generated HCl during the PVC’s 
thermal decomposition. PVC is known to generate HCl when present in a fire, hence HCl is 
likely formed (Stec et al. 2013). HCl is a known irritant and therefore both the vinyl and carpet 
are producing at least one compound that may pose an exposure risk. This is especially 
important to know due to the reasonably low temperature at which it is released. The H–Cl 
bond detected by FTIR could also be related to chlorinated hydrocarbons, but the presence of 
these compounds cannot be determined with certainty using the FTIR alone. 
The other detected bonds are fairly consistent across all of the samples, suggesting the 
production of water (H2O), carbon dioxide (CO2), carbon monoxide (CO), hydrocarbons (C–C 
and C–H) and potentially esters, aldehydes and/or ketones (C=O and C–O). Besides these 
compounds, the two chipboard materials gave results that indicated a nitrile peak (C≡N), 
suggesting that compounds containing this functional group were formed.  
 
 
60 
Table 3. Tentative assignments of the evolved gas peaks detected by FTIR for each construction material. 
Material 
Detected Peak 
Wavenumbers (cm-1) 
Tentative 
Assignment 
Material 
Detected Peak 
Wavenumbers (cm-1) 
Tentative 
Assignment 
Vinyl 
Flooring 
3855-3569 & 1870-1458 
3074-2600 
2964 & 2927 
2362, 2332 & 669 
2182 & 2115 
1803 & 1735 
1261 
1106 
910 
H2O 
HCl 
C–H 
CO2 
CO 
C=O 
C–N 
C–O 
C–C 
Dried 
Laminated 
Timber 
3922-3527 & 1782-1340 
2361-2327 & 669 
2183 & 2110 
1773 
H2O 
CO2 
CO 
C=O 
Dried 
Chipboard 
3904-3568 & 1797-1340 
2928 
2361-2327 & 669 
2258 
2179 & 2112 
1797 
1087 
H2O 
C–H 
CO2 
C≡N 
CO 
C=O 
C–O 
Industrial 
Grade 
Carpet 
3904-3506 & 1747-1457 
2980-2704 
2362, 2329 & 669 
2184 & 2114 
1802 & 1735 
1257 
1104 
910 
H2O 
HCl 
CO2 
CO 
C=O 
C–N 
C–O 
C–C 
Dried 
Chipboard 
with 
Melamine 
3904-3549 & 1797-1340 
2361-2257 & 669 
2257 
2183 & 2112 
1735 
1087 
H2O 
CO2 
C≡N 
CO 
C=O 
C–O 
Dried 
Floor 
Underlay 
3954-3549 & 1846-1340 
3264 
2964, 2926 & 2859 
2363, 2329 & 669 
2185 & 2107 
1735 
1093 
850 
H2O 
OH 
C–H 
CO2 
CO 
C=O 
C–O 
C–C 
Dried 
ACP A 
3922-3526 & 1749-1340 
2941 
2364, 2331 & 669 
2179 & 2113 
1734 
1088 
H2O 
C–H 
CO2 
CO 
C=O 
C–O 
Pine 
Timber 
3956-3568 & 1797-1509 
3821 
2361, 2323 & 669 
2181 & 2114 
1773 
1121 
H2O 
C–H 
CO2 
CO 
C=O 
C–O 
ACP B 
3904-3568 & 1734-1363 
2967 & 2935 
2361-2327 & 669 
2184 & 2116 
H2O 
C–H  
CO2 
CO 
 
 
Despite having dried the materials, some still generated water peaks (lower than before drying) 
that interfered with both detection and interpretation. Some of the materials also did not appear 
to have produced many compounds, such as the two ACPs and the laminated timber. As can 
be seen from the spectra in Appendix B, some materials also generated peaks with very low 
absorbance, where it was difficult to differentiate what may have actually been noise within 
the spectra. There is therefore some doubt regarding the accuracy of the obtained results in 
these cases. In particular, evolved gas analysis via FTIR is known to have limitations due to 
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factors such as the inability to distinguish between overlapping peaks, only possessing a 
general detection limit of 10 ppm, and some compounds/bonds cannot be detected if they are 
not infrared active (Xie & Pan 2001). Only small amounts of sample are analysed (~5-10mg), 
and it is therefore likely that the amount of compounds generated from the materials are below 
the detection limit of the FTIR. Further analysis is required to provide more accurate and 
specific information on the off-gassed compounds. 
 
4.4    Chapter Conclusions  
In summary, all of the analysed materials had undergone thermal decomposition in the 
relatively low 40 to 590°C range. It was found that the majority of the materials underwent a 
main mass loss between 300 and 400°C, in which off-gassing was likely to occur. It was also 
found that the materials containing fillers had decomposed early at ~300°C. Fillers are 
commonly used with the intention of reducing the extent at which materials will thermally 
decompose, and therefore provide more time for those inside to escape. Although the results 
indicate that the presence of fillers does reduce the degree of decomposition, they also indicate 
that materials will still degrade to some extent at low temperatures and are therefore likely to 
off-gas where they may inadvertently hinder escape.  
These observations are important in relation to fires, as these temperatures are relatively low 
and represent a fire that is likely to be still in the development stage. Off-gassing of building 
materials is therefore likely to have some influence on fire development and dynamics, 
especially considering that construction materials are present in a fire in high abundance (and 
therefore will potentially generate large volumes of off-gassed compounds). Off-gassing at low 
temperatures also has a potential impact on any survivors at fires scenes, as these gasses are 
produced early on in the fire when any victims are still trying to escape the fire. Exposure to 
these off-gassed compounds is highly likely under these circumstances. 
By coupling STA to an FTIR, it was possible to analyse the products produced in real-time, 
therefore allowing for assessment of the presence of off-gassing. It was found that compounds 
were being released during the measured mass losses. In particular, the FTIR was able to 
identify the presence of HCl from the vinyl flooring and carpet over the temperature range in 
which the PVC decomposed.  
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The FTIR also indicated the presence of other compounds; however, there are concerns 
surrounding its accuracy for this application given the limitations discussed. Overall it was 
found that the FTIR results were not able to provide sufficient information to identify the range 
of compounds being produced, or the intensity of those compounds. Due to these encountered 
problems, STA-FTIR was not used to evaluate the influence of fire conditions (i.e. anaerobic 
vs aerobic) on off-gassing. Further analysis using different, more sensitive, analytical 
techniques were therefore used to explore the range of compounds generated under both 
anaerobic and aerobic conditions (Chapters 5 and 6 respectively).  
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Chapter 5 
 
Release of Gasses by 
Construction Materials 
under Anaerobic Fire 
Conditions 
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5.1    Introduction  
As discussed in Chapter 1, the compounds produced during a fire are likely to vary depending 
on oxygen availability. In order to understand the hazards associated with modern construction 
materials, it is necessary to evaluate the influence of atmospheric conditions on off-gassing.  
As also discussed in Chapter 1, fires will generally undergo incomplete combustion, to some 
extent, as the available oxygen is consumed. In particular, fully developed/large fires will 
almost always be under-ventilated at their base, unless there is direct air flow (Hull et al. 2007). 
Construction materials are therefore likely to be exposed to anaerobic conditions. Although 
less common, anaerobic conditions can also occur during lower temperatures at the initial 
stages of a fire if oxygen is removed or consumed prior to flashover. In addition, the process 
of firefighting could introduce anaerobic conditions depending on how the fire is extinguished. 
The aim of this Chapter was to determine whether off-gassing of the construction materials 
will occur at low temperatures and under anaerobic conditions. The results were compared to 
those obtained in Chapter 4.  
To evaluate the influence of anaerobic conditions on off-gassing, pyrolysis-GC-MS was 
performed. This technique allowed for the materials to be flash pyrolysed, at individually 
selected temperatures, where generated compounds then pass through the GC for mixture 
separation, before reaching the MS for compound ionisation and detection (Sobeih, Baron & 
Gonzalez-Rodriguez 2007). Pyrolysis-GC-MS was therefore able to provide detailed 
information on the chemical composition of the off-gassed compounds.  
Although the GC-MS was able to provide information on the individual compounds generated, 
the exact identity of these compounds will not be discussed. Rather than identifying the specific 
compounds being released, the main aim of this part of the research was to determine whether 
off-gassing was occurring, and whether the different construction materials provided for a 
different off-gassing profile. Although it would be interesting to know the identity of the 
individual compounds generated, standards are required to confirm these identities, and these 
standards were not available. Many of the compounds generated were isomers which makes 
them very difficult to identify with the library. The discussion of results will therefore focus 
on general compound groups based on functional groups present, rather than individual 
compound identifications. 
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To address the aims mentioned above and provide more comparable results to those generated 
from the STA-FTIR analyses, the materials were flash pyrolysed at multiple temperatures 
within the range of 200 to 600°C.   
 
5.2    Pyrolysis-GC-MS 
Representative pyrograms for the vinyl flooring are displayed in Figure 17. The vinyl flooring 
was pyrolysed at 100°C intervals from 200 to 600°C. This was to provide a comparison of the 
degree of off-gassing across a temperature range that is representative of the STA results in 
Chapter 4. The STA results demonstrated that, under oxygenated conditions, thermal 
decomposition took place from 200 °C upwards for this material.  
As shown in Figure 17, the vinyl flooring produced compounds at all of the pyrolysis 
temperatures, indicating that off-gassing of this construction material takes place at relatively 
low temperatures, even under anaerobic conditions.  
The lowest number of compounds were detected at 200°C. These compounds likely consisted 
of carboxylic acids and a phthalate compound at ~37 min, based on searches against the NIST 
2011 database. Some of the carboxylic acids were suggested to contain Cl. These results are 
consistent with the results discussed in Chapter 3, where the vinyl flooring was identified as 
containing PVC and phthalates. The results, however, differ from the STA-FTIR results in 
Chapter 4 where the FTIR does not indicate the presence of compounds until 300°C. This may 
be due to the vinyl flooring potentially off-gassing even earlier under anaerobic conditions, 
given that the STA results in Chapter 4 showed no mass loss at 200°C under aerobic conditions. 
However, another more likely explanation could be that pyrolysis-GC-MS is more sensitive 
than TGA, and was able to identify the presence of low level compounds that might only 
represent a fraction of the weight of the material. Further testing, however, would need to be 
conducted to confirm this.  
The pyrograms at 300 and 400°C were similar to each other. The same compounds as observed 
at 200°C were detected, as were three additional peaks at ~30, 34 and 39min. These additional 
peaks were consistent with two types of carboxylic acids and an ester. These observations align 
with the STA-FTIR results, which identified the presence of HCl, C=O and C–O bonds for the 
same temperature range. However, they also differ in that an OH bond, which would indicate 
the presence of carboxylic acids, was not detected by the FTIR. 
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Figure 17. Representative pyrolysis-GC-MS chromatograms generated from the vinyl flooring at 200, 300, 400, 
500 and 600°C. 
 
0.00E+00
2.00E+06
4.00E+06
6.00E+06
8.00E+06
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
200 °C
0.00E+00
2.50E+06
5.00E+06
7.50E+06
1.00E+07
1.25E+07
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
300 °C
0.00E+00
2.00E+06
4.00E+06
6.00E+06
8.00E+06
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
M
S
 I
n
te
n
si
ty
400 °C
0.00E+00
2.00E+06
4.00E+06
6.00E+06
8.00E+06
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
500 °C
0.00E+00
1.00E+06
2.00E+06
3.00E+06
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
Retention Time (minutes)
600 °C
67 
At pyrolysis temperatures of 500 and 600°C, an increasing number of compounds was being 
off-gassed. The compounds detected between 200 and 400°C have been reduced in relative 
terms, whilst the number of lighter compounds has increased (more peaks at shorter retention 
times). This phenomenon can be explained by the fact that more energy is available for 
compound degradation at the higher pyrolysis temperatures. The compounds observed at the 
lower pyrolysis temperatures of 200 to 400°C have been degraded further at the higher 
pyrolysis temperatures of 500 and 600°C to give the smaller, lighter compounds. These lighter 
compounds are consistent with alkyl halides, containing Cl, as well as alkanes and alcohols. 
The presence of alcohols differs from the STA-FTIR results, where there was no indication of 
an –OH bond. This suggests that, for this material, either alcohols may only be generated under 
anaerobic conditions, or the STA-FTIR is not as sensitive as the pyrolysis GC-MS. The latter 
is a possibility, given the FTIR sensitivity issues discussed in Chapter 4. 
The pyrograms for the carpet layers, floor underlay, pine timber, laminated timber, chipboard, 
chipboard with melamine, ACP A and ACP B, are included in Appendix C. Due to both 
resource and time constraints, these construction materials were only pyrolysed at three 
temperatures. The pyrolysis temperatures for each material were determined based on the 
decomposition steps identified by STA in Chapter 4, and therefore varied between materials. 
Contamination was present in the pyrograms of all the materials, expect for the vinyl flooring 
and the carpet’s attached cushion and fibres. It was determined that the contamination was 
being introduced from the pyrolysis sticks, which were cleaned and re-used between analyses. 
The pyrolysis sticks were cleaned using DCM followed by drying at 300°C; however, this 
resulted in the introduction of contamination. After further cleaning of the sticks with solvents 
(DCM and methanol), followed by heating the sticks to a higher temperature (600°C), the 
contamination was still present. New pyrolysis sticks were ordered; however, these were not 
available in Australia and did not arrive in time for use in this project.  
A pyrogram of a contaminated pyrolysis stick, analysed on its own, is included in Appendix C. 
By overlaying this chromatogram with the results of each material, it was possible to exclude 
peaks that corresponded to the observed contamination. An example of this is also included in 
Appendix C. It is possible that some of these peaks may also be generated by the pyrolysis of 
the construction material but, without the ability for further analysis with clean pyrolysis sticks, 
this could not be confirmed and any overlaying peaks were excluded during interpretation.  
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The carpet fibres had produced a similar peak profile to the contamination. However, as shown 
in Appendix C, by overlaying the contaminated pyrolysis stick’s chromatogram, it was 
determined that this profile was not a result of the contamination and was actually from the 
material itself. 
The pyrograms of the remaining eight construction materials were generally consistent with 
what was observed for the vinyl floorings; overall, as the temperature increased, there was a 
relative increase in lighter compounds and a decrease in heavier compounds. The number, 
intensity, and retention times of peaks, did however vary to some extent between materials, 
indicating different types of compounds. The material that was the most distinctive was the 
floor underlay, where it produced the least number of compounds. These compounds were 
predominately alkanes, alkenes, alcohols and aromatic compounds.  
Although all of the materials varied to some extent, there were some similarities. The carpet’s 
layers generated similar compounds to those observed with the vinyl flooring, which is 
consistent with results observed in Chapter 3. All three carpet layers produced phthalates, 
carboxylic acids and esters. In particular, at 300 and 400°C the attached cushion and fibres 
provided the same peaks at ~30 and 34min as for the vinyl flooring. The carpet’s attached 
cushion and fibres also produced long-chained alkane and alkene profiles, with these detected 
at each pyrolysis temperature. These compounds were not detected in the pyrograms from the 
vinyl flooring. At higher temperatures, the carpet’s attached cushion also appeared to produce 
more phthalate compounds and less chlorine containing compounds than for the vinyl flooring. 
This is consistent with the SEM-EDX results of Chapter 3, where the carpet’s attached cushion 
contained less chlorine than the vinyl flooring. 
The four wood samples were heated at the same temperatures of 200, 300 and 450°C, and as 
they all contain pine there were similarities in their observed decomposition. All of the wood 
samples degraded minimally at the 200 and 300°C temperatures, with only one or two main 
peaks detected. At 450°C, significantly more compounds were generated, consisting of 
aldehydes, ketones, alcohols and carboxylic acids. As can be observed, however, the retention 
times, intensities and number of detected peaks did vary between each material. Some 
additional compounds detected in the pyrograms from the laminated timber, chipboard and 
chipboard with melamine were consistent with containing nitriles. These observations are once 
again consistent with the results reported in Chapter 4, although a nitrile peak was not detected 
by STA-FTIR for the laminated timber. It may be that nitrile compounds are only generated 
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under anaerobic conditions for this material or, due to the low sensitivity of the FTIR, it may 
have been below the detection threshold of the STA-FTIR method.  
There were significant differences between the pyrolysis and STA-FTIR results for the ACP 
materials. The pyrolysis-GC-MS indicated that, for both ACP A and ACP B, a large range of 
compounds was released at 450 and 500 °C. Although this is consistent with the decomposition 
steps observed by STA, the FTIR indicated minimal volatile compounds being generated for 
ACP B. The pyrograms for both ACP A and B at 500°C indicate the breakdown of a polymeric 
structure, which is consistent with the presence of polyethylene in both samples. Other 
compounds detected by pyrolysis GC-MS for ACP B were consistent with phthalates, 
carboxylic acids and ketones. ACP A predominately generated carboxylic acids, alkynes and 
esters. Although there were differences in the compounds generated between the two materials, 
the STA-FTIR should have detected C=O and C–O bonds for ACP B. Once again this may be 
due to the anaerobic conditions of the pyrolysis-GC-MS technique; however, it is likely due to 
the detection limitations of the FTIR. Further analysis under oxygenated conditions is therefore 
required to provide a more reliable comparison between the effects of different atmospheric 
conditions. Due to the issues identified with the FTIR detection in Chapter 4, an alternate 
approach was investigated and will be discussed in Chapter 6.   
 
5.3    Chapter Conclusions  
In summary, all of the construction materials generated volatile compounds when exposed to 
low temperatures and anaerobic conditions. It was found that the retention times, number of 
peaks, and their intensities varied across temperature ranges for each material. Unlike the STA-
FTIR results in Chapter 4, it was found that the number of detected compounds released 
increased with temperature.  
This further supports that the types of compounds generated during a fire are dependent on the 
temperature of the fire, the composition of the materials present, and potentially on combustion 
conditions (i.e., aerobic versus anaerobic). This is an important observation as it suggests that 
fires will vary between scenes depending on the conditions present. So far, it can be confirmed 
that modern construction materials are off-gassing under both oxygen rich and oxygen depleted 
conditions at temperatures considered low for a fire, where the fire is likely to still be 
developing. It is therefore possible that the off-gassing of these materials will have some 
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influence on fire dynamics, even under anaerobic conditions. Depending on the compounds 
produced, these materials may pose an exposure hazard during anaerobic conditions, such as 
after the fire has initially been extinguished. Although possible, it is also unlikely for a fire to 
be under solely anaerobic conditions at the low temperatures used in this research. In a real fire 
scenario, both aerobic and anaerobic conditions are likely to be encountered. 
Due to the limitation of the FTIR as discussed in Chapter 4, the differences between the off-
gassed compounds under aerobic and anaerobic conditions cannot be confirmed to be related 
to oxygen presence or absence. The differences observed between the two conditions could be 
related to this; however, it could also be related to the limited sensitivity of the FTIR in the 
STA-FTIR configuration. Further analysis using different analytical techniques is therefore 
required to provide a more realistic representation of the compounds being released under 
aerobic conditions for subsequent comparison against the pyrolysis (anaerobic) results. This 
additional analysis is discussed and evaluated in the next chapter. 
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6.1    Introduction 
Due to issues in sensitivity of the FTIR attached to the STA system, detailed information on 
the compounds generated from the heating of selected construction materials under aerobic 
conditions could not be obtained (refer to Chapter 4). Analysis using additional 
instrumentation, with greater sensitivity, was required to compare the effects of different 
atmospheric conditions on off-gassing. As discussed in Chapter 5, pyrolysis-GC-MS was used 
to evaluate off-gassing under anaerobic conditions, however it was not within the 
instrumentation’s capability to assess off-gassing under oxygenated/aerobic conditions. An 
additional technique was therefore required to provide this evaluation.  
An ideal technique that offered greater sensitivity and accuracy than the STA-FTIR was air 
analysis via a dedicated GC-MS system. The greater sensitivity/accuracy of this technique is 
achieved by the system incorporating a cryotrap that is cooled to -150°C using liquid nitrogen 
(Oliver et al. 1996).  This traps any volatile compounds present in an air sample, after which 
they are released into a 60m long GC column, twice the length of the pyrolysis-GC-MS column. 
This column ensures better separation that, together with the mass spectrometry detector, 
facilitates the identification of the compounds present. This system is designed specifically for 
air monitoring and therefore provides a more complete and more accurate representation of the 
sample’s off-gassed compounds than is possible by STA-FTIR. 
To utilise the air analysis system, the off-gassed compounds needed to be collected into an air 
canister. As the STA was successful in heating the samples under aerobic conditions and the 
system contained a vent for coupling to the FTIR, a method was developed for connecting an 
air canister to the STA for evolved gas collection. This predominately involved connecting the 
air canister via stainless steel Swagelok tubing, and ensuring that the canisters were collecting 
gasses throughout the duration of the 40 to 590°C heating. Refer to Chapter 2 (section 2.2.5.1) 
for details regarding the sample collection method.  
The aims of this Chapter were to assess whether volatile compounds could be successfully 
collected from the STA for air analysis, as well as to evaluate the influence of aerobic 
conditions on the off-gassing of selected construction materials. Although the air analysis 
technique can provide information on the individual compounds generated, the exact identity 
of these compounds will not be discussed as the necessary standards were not available. 
However, a list of compounds that are known to be potentially hazardous was screened for. As 
mentioned in Chapter 2, this list was a version of the TO-14 target compound list that is 
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commonly utilised for the screening of harmful compounds in air, including at fire scenes 
(Almasi & Kirshen n.d.; U.S. EPA 1999). The discussion of compounds detected by the air 
analysis system that were not present in this target list, will focus on characterising compounds 
based on functional groups rather than on individual compound identifications. The aim of this 
was to provide an idea on whether harmful compounds may be produced from the construction 
materials, and therefore assess the need for future research on the identification of individual 
compounds. 
The experimental setup did not allow for the evaluation of the specific temperatures at which 
compounds were being released. However, due to the high sensitivity of the air analysis system, 
it permitted greater accuracy in determining the types of compounds released overall during 
the relatively low heating range of the STA.  
 
6.2    Air Analysis 
Prior to analysing the evolved gasses of the construction materials on the air analysis system, 
it was necessary to determine the required set-up and method for gas collection from the STA. 
After a range of approaches were investigated, the final method as described in Chapter 2 was 
developed. Only one air canister was collected and analysed for each material. This was due to 
a number of factors, including the long analysis times of the STA and air analysis system (total 
of 3 hours per sample, not counting the cleaning of the canisters), limited availability of air 
canisters, transporting canisters between campuses, and working around instrument booking 
times.  
ACP B’s air canister was analysed twice in order to assess the reproducibility of the air analysis 
system. A comparison between the two chromatograms of ACP B is displayed in Figure 18. 
The only observed difference between the two chromatograms was that the intensity of the 
peaks had decreased slightly in the repeated analysis. This is not unexpected as the volume of 
sample in the air canister decreases after each analysis. Although the intensities had decreased, 
the air analysis system was able to generate a reproducible profile. 
The chromatograms obtained for the nine construction materials are displayed in Figure 19. 
Similarly composed materials provided for similarities in their overall peak profiles. The four 
wood materials displayed consistent peak profiles to one another, as did ACP A and ACP B. 
As discussed in Chapter 3, this is likely due to the four wood materials predominately 
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containing pine, and the two ACPs containing a form of polyethylene. This not only supports 
the reproducibility of the air analysis system but confirms that the evolved gas collection 
method (from the STA into the air canisters) was successful and reproducible. 
 
 
 
Figure 18. A comparison between the air analysis chromatograms of the repeated analyses of the air canister 
used to collected the evolved gasses from ACP B, during the 40-590°C STA heating. 
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vinyl flooring (refer to Chapter 3), the carpet contains two other layers (a polypropylene 
polymer backing and nylon fibres). It was therefore expected that the chromatograms produced 
by the carpet and vinyl flooring show some similarities but are different in overall profile. 
Based on searches against the NIST 2011 database, the vinyl flooring and carpet likely 
produced compounds consisting of alkanes (some containing Cl), aldehydes, and aryl halides 
containing Cl. The carpet however differed in that it also generated esters, alcohols, and nitriles. 
Although similar compounds were detected under anaerobic conditions as discussed in Chapter 
5, there were some differences. The air analysis results of the vinyl flooring did not indicate 
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the presence of phthalates or carboxylic acids, whilst anaerobic analysis of the carpet’s layers 
did not suggest the presence of nitriles. This suggests that oxygen availability may have an 
influence on the compounds generated from these materials.  
Similar to the pyrolysis chromatograms in Chapter 5, the floor underlay’s off-gassed 
compounds under aerobic conditions mainly consisted of alkanes, alkenes, alcohols and 
aromatic compounds. However, it did vary in that, under aerobic conditions, the floor underlay 
also generated aldehydes, ketones and nitriles. A higher number of peaks were also detected 
by the air analysis system than what was observed by the pyrolysis-GC-MS. The floor 
underlay’s pyrolysis results had indicated that, out of all the analysed materials, the floor 
underlay produced the least amount of compounds. However, as can be seen in Figure 19, the 
floor underlay was one of the materials that produced the highest number of high intensity 
peaks under aerobic conditions. This suggests that the floor underlay is potentially 
decomposing to a greater extent under aerobic conditions than anaerobic, or is certainly 
decomposing differently under the different conditions. The floor underlay, however, was only 
flash pyrolysed up to 450°C, and it is therefore possible that it may be off-gassing more at 
higher temperatures (noting that the air analysis was conducted on samples collected at 
temperatures up to 590°C); however, the STA results in Chapter 4 did not suggest this.  
As previously mentioned, the four wood materials produced chromatograms with similar peak 
profiles. These peaks predominately consist of carboxylic acids, ketones, aldehydes, alkanes 
and amines. Despite these similarities, however, there are differences observed. As shown, the 
laminated timber, chipboard, and chipboard with melamine produced a higher number of 
compounds than the pine timber. This suggests that there are additional compounds released, 
potentially from the incorporated synthetic components. These additional peaks were 
comprised of nitriles and esters. These differences are likely from the adhesives present in the 
synthetic wood materials. Although the composition of the adhesives could not be identified 
(refer to Chapter 3) there are structural adhesives that utilise nitrile-phenol as a primary resin 
which could explain these differences (Kim et al. 2011). The chipboard also generated peaks 
around ~26–27min, consisting of aromatic compounds. The higher concentration of these 
compounds may be a result of the additional unknown particles that were only observed in the 
chipboard material (Chapter 3).  
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Figure 19. Representative air analysis chromatograms obtained from the nine construction materials after 
heating in an STA between 40-590°C. 
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Figure 19. Continued: Representative air analysis chromatograms obtained from the nine construction materials after  
heating in an STA between 40-590°C.  
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The remaining two materials displayed in Figure 19 are the two ACPs. These materials appear 
to have produced profiles that are consistent with one another; however, there are noticeable 
differences in both peak retention time, suggesting different compounds, and peak intensity. 
Similar to the anaerobic results in Chapter 5, the two ACPs appear to have off-gassed the most 
compounds as there is a greater number of high intensity peaks detected. These compounds 
were found to predominately consist of various repeated long-chained alkanes and phthalates; 
however, aldehydes, alkenes and amines were also detected. It is likely that, as these materials 
thermally decompose, they are off-gassing various portions of the polymer backbone chain. 
Additional alcohols and ketones were also produced from ACP B. Once again, these results 
varied from the anaerobic analysis. Under aerobic conditions carboxylic acids were not 
detected, and under anaerobic conditions ACP A was found to release esters. It is possible that 
these differences may be due to sampling variation where ACP A contains a higher amount of 
fillers that may not be evenly distributed. The presence of fillers may also explain why ACP A 
did not generate compounds to the same degree of intensity as ACP B.  
Based on the air analysis results, the FTIR on the STA system (refer to Chapter 4) should have 
detected certain molecular bonds that are present in the compounds detected by the air analysis 
system. As discussed in Chapter 4, there is uncertainty surrounding the FTIR’s sensitivity and 
therefore accuracy. The air analysis results are therefore likely to be a more accurate 
representation of the compounds generated under aerobic conditions. 
As shown in Figure 19, there appears to be only a few compounds detected for the vinyl 
flooring, carpet and the four wood materials. However, this is due to only a few peaks being 
present at higher intensities than the other compounds, where the smaller compounds are not 
visible in this figure. Figure 20 provides the same chromatograms with the baselines magnified 
in order to view those lower intensity compounds. 
As Figure 20 portrays, all of the construction materials had actually produced many 
compounds, with at least 60 peaks detected for each material. These peaks are indicated to be 
detected at low intensities/concentrations. However, due to the small sample sizes analysed in 
the STA (~5-10mg), in a real fire scenario where these materials may be present in high 
abundance, those concentrations would be more significant and therefore potentially of 
concern. Although it was not possible to identify all of these compounds within this study, this 
is certainly something worth investigating in the future.  
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Figure 20. Representative air analysis chromatograms from Figure 19, with the Y-axis (MS Intensity)  
adjusted to display the peaks that are present in lower concentrations. 
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Figure 20. Continued: Representative air analysis chromatograms from Figure 19, with the Y-axis (MS Intensity)  
adjusted to display the peaks that are present in lower concentrations.  
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was not available to be analysed with the batch of samples (these reference materials are very 
expensive).  
 
Table 4. Off-gassed compounds tentatively identified for each construction material, based on screening against the TO-14 target 
compound list of known, potentially hazardous compounds. Results from the screening indicate whether compounds were identified 
or were not detected. These are represented by either a tick or a dash, respectively. 
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Chloromethane 0.667 - - ✔ - - - - - - 
Vinyl Chloride 0.994 ✔ - - - - - - - ✔ 
1,3-Butadiene 1.214 ✔ ✔ ✔ - ✔ ✔ ✔ ✔ ✔ 
Bromomethane 1.575 - - - - - - - - ✔ 
Chloroethane 1.858 ✔ ✔ - - - - - - ✔ 
Dichloromethane 3.973 - ✔ ✔ ✔ - ✔ ✔ - - 
3-Chloropropene 4.124 ✔ ✔ - - - - - - - 
1,2-
dichloroethane 
7.802 ✔ ✔ - - - - - - - 
Benzene 8.701 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
Toluene 12.806 ✔ ✔ ✔ - - ✔ ✔ ✔ ✔ 
Chlorobenzene 15.659 ✔ ✔ ✔ - - - ✔ - ✔ 
Ethylbenzene 16.347 ✔ ✔ ✔ - - - ✔ ✔ ✔ 
p+m Xylene 16.61 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
Styrene 17.29 ✔ ✔ ✔ - - - - - ✔ 
o-Xylene 17.48 ✔ ✔ - - - - - - ✔ 
4-ethyl toluene 19.874 ✔ ✔ - - - - - ✔ ✔ 
1,3,5-
Trimethylbenzene 
19.933 ✔ - ✔ - ✔ - - ✔ ✔ 
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The compounds that were suggested to have been produced from almost each material were 
1,3-butadiene, benzene, toluene, ethyl benzene, and p+m xylene. In particular, there is a 
significant peak at the retention time for benzene in the vinyl flooring, carpet and floor underlay 
chromatograms. These common compounds are known toxicants, where exposure can 
potentially lead to both respiratory and/or sensory irritation (Fent et al. 2014; Kandayala, 
Raghavendra & Rajasekharan 2010). Benzene, in particular, is a known carcinogen where 
exposure can lead to chronic health effects, such as cancer. In regards to fire development, both 
benzene and toluene are highly flammable, and are therefore likely to readily ignite once 
generated. If the construction materials are releasing these compounds (and other compounds 
as shown in Figures 19 and 20) during the low temperatures applied, it is likely that they would 
contribute to both toxicity and fire development. 
As discussed earlier, all of the materials are shown to have off-gassed a high number of 
compounds, besides those tentatively identified by the TO-14 target list. It is possible that these 
compounds may also pose exposure risks, however this cannot be certain without 
identification. Currently there is limited knowledge on the compounds that are being released 
from modern construction materials during low temperatures, and therefore what their 
associated harm may be. It is therefore likely that the TO-14 target compound list does not 
contain all potentially hazardous compounds that may be present at fire scenes.  
Further research would therefore be worthwhile, and necessary, in order to evaluate the hazards 
associated with the off-gassing of modern construction materials during the early development 
stages of a fire. 
 
6.3    Chapter Conclusions 
In summary, the evolved gas collection method using air canisters was successful in collecting 
and transporting the volatile compounds produced under aerobic conditions. Evolved gas 
samples were collected directly from the STA into the air canisters for subsequent analysis 
using a dedicated air analysis GC-MS. Many volatile compounds were successfully detected 
by the air analysis system for all nine construction materials. The air analysis offers greater 
sensitivity and accuracy than the FTIR, and therefore any observed differences between the 
two analytical methods is likely a result of the FTIR’s limitations as outlined in Chapter 4. 
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In comparison to the compounds generated under anaerobic conditions, as discussed in Chapter 
5, it was found that there were differences in the types of compounds detected for each material. 
This therefore confirms that, not only are the selected building materials thermally 
decomposing and off-gassing at relatively low fire temperatures, under both aerobic and 
anaerobic conditions, but the types of compounds generated vary depending on oxygen 
availability. 
The off-gassed compounds detected for each construction material were screened against a list 
of known potentially hazardous compounds. Overall, it was found that a range of compounds 
that are known to be toxic and/or flammable were likely present. This further indicates, that as 
modern construction materials are off-gassing at relatively low temperatures, they have the 
potential to contribute to both the toxicity of fires and accelerated changes in fire behaviour.  
The air analysis detected a large number of compounds from each material that was not 
indicated by the TO-14 target compound list. Without identification of these compounds it is 
not known whether they are also hazardous, and therefore it is also not known whether the TO-
14 target list needs to be expanded specifically for fire scenes. As these modern construction 
materials are off-gassing many compounds during what would be the development stages of a 
fire, it is possible that they could generate a hazardous atmosphere that could also potentially 
influence fire dynamics.  
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Chapter 7 
 
Conclusions & Future Work 
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7.1    Conclusions 
Due to the synthetic and lightweight nature of modern construction materials, the fire scene is 
changing. Such materials can potentially result in accelerated fire conditions, such as faster 
times to flashover, and increased occurrences of toxic gas exposure. This study has focused on 
evaluating the occurrence of off-gassing from a representative selection of modern construction 
materials, in order to evaluate how they might contribute to these changes. This study was 
considered a pilot study to determine if the results warrant follow-up investigation. 
Through determining the composition of the selected building materials, it was indicated that 
some materials contained components that are known to, or could potentially, produce harmful 
compounds during thermal decomposition. Some materials also contained fillers/additives, that 
are typically applied to provide some fire resistance by reducing the extent at which the 
materials will thermally decompose.  
Analysis of the materials’ thermal degradation, revealed that all of the tested materials 
thermally decompose over the 40 to 590°C range. In particular, most materials exhibited a main 
decomposition step at 300-400°C where off-gassing is likely to occur. These temperatures are 
relatively low for a fire, where it would still be in the early development stages. Therefore, it 
is likely that the presence of modern construction materials will influence fire dynamics such 
as flashover. These materials also potentially present exposure risks during the early stages of 
a fire, where occupants are more likely to be affected. It was also confirmed that the presence 
of fillers/additives had reduced the extent at which materials degraded. However, as the 
materials still underwent thermal decomposition, it is still likely that off-gassing had occurred.   
In order to evaluate the occurrence of off-gassing under both anaerobic and aerobic conditions, 
sensitive analytical techniques were employed. The materials were analysed using pyrolysis 
GC-MS under anaerobic conditions. A method was also developed for aerobic conditions, by 
collecting evolved gasses from the STA into air canisters and analysing them on an air analysis 
system. Overall, the methods proved successful, where a range of volatile compounds could be 
detected for each building material, despite the likely low concentrations of off-gassing due to 
the small sample sizes analysed.  
Evaluation of the off-gassed compounds indicated that the building materials were off-gassing 
a considerable number of compounds under both anaerobic and aerobic conditions. During a 
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fire, the presence of these materials is therefore likely to have some influence no matter the 
conditions present. 
The off-gassed compounds detected by the air analysis system, under aerobic conditions, were 
screened against the TO-14 target compound list of compounds that are known to be hazardous. 
Out of the 42 compounds that were screened for, 17 were tentatively identified across the 
materials. These detected compounds are known toxicants, some of which are also flammable. 
This indicates that, as compounds are off-gassed at low temperatures, modern building 
materials have the potential to contribute to the toxicity and accelerated changes of fires. The 
air analysis also detected a large number of compounds that were not screened for by the TO-
14 method. Without identification, it is not known whether they are also hazardous. However, 
it is likely that the TO-14 target compound list does not provide a comprehensive evaluation at 
fire scenes.  
Overall, this study found that the modern construction materials off-gassed considerably during 
the low temperatures investigated, even those that degraded minimally and/or contained fillers. 
The compounds generated were ultimately found to vary depending on material composition, 
temperature, and oxygen availability. The hazards associated with fires are therefore likely to 
vary between scenes, and as a result will require individual assessment. Due to the number of 
compounds that were detected, it is however likely that current target compound lists need to 
be re-evaluated and updated. Overall, this study confirms that modern construction materials 
are likely to influence fire dynamics, and potentially pose exposure risks to both human and 
environmental health. It is therefore necessary to further evaluate the off-gassing of modern 
construction materials, in order to determine the hazardous compounds that may be present 
during contemporary residential and/or factory fires.  
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7.2    Limitations of the Study 
There were several limitations faced during the research that may have impacted on the 
obtained results.  
Due to the small quantities of sample analysed, there were limitations faced with the detection 
of the FTIR used for STA-FTIR evolved gas analysis. Overall the FTIR proved to be of limited 
value for addressing the aims of this study. After concluding that more sensitive analysis was 
required, pyrolysis-GC-MS was conducted under anaerobic conditions, and air analysis was 
assessed to determine if it could be a viable option to investigate the release of compounds 
under aerobic conditions.  
Another limitation faced was the issue of contamination present during the pyrolysis-GC-MS 
analysis. After various testing, it was determined that the contamination was solely present 
from the pyrolysis sticks that were cleaned and re-used. As previously mentioned, new sticks 
were ordered, however, due to them not being available in Australia at the time, they did not 
arrive within the timeframe of the project. This contamination was somewhat easily excluded 
during interpretation; however, it is possible that compounds off-gassed from the material itself 
may have also been excluded.  
In order to analyse each material’s off-gassed compounds via air analysis, it was necessary to 
determine a method for collecting the evolved gasses into an air canister. This, together with 
the lengthy analysis times on the air analysis system meant that there was only sufficient time 
for a single collection from each material. As a result, repeats could not be conducted for the 
air analysis. In addition, there was insufficient time to conduct STA analysis under anaerobic 
conditions, with the off-gassed compounds analysed using the air analysis system. Although 
the pyrolysis-GC-MS provides detail under those conditions, it would have been ideal to have 
a comparison using the same analytical technique. The air analysis system for instance, has a 
better capability of separating highly volatile compounds than the standard GC-MS setup used 
on the pyrolysis-GC-MS, and will therefore identify more compounds than the pyrolysis GC-
MS. 
A final limitation was that compounds could not be identified/verified during this study, due to 
a lack of available standards. Compound identification was, however, not within the scope of 
the study, where the aim was to assess if modern building materials off-gassed at lower 
temperatures and if this off-gassing is influenced by aerobic and anaerobic conditions. This 
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then informed the need for in-depth evaluation of modern construction materials at fire scenes, 
including compound identification.   
 
7.3    Recommendations for Future Work 
As mentioned earlier, this research was intended as a pilot study for the determination of 
hazardous compounds at contemporary fire scenes. It was determined that modern construction 
materials are thermally decomposing and off-gassing a range of compounds during relatively 
low temperatures. As they are produced during the stages at which fire dynamics are likely to 
be influenced, and when exposure to victims is more likely to occur, it is recommended that 
the next step be to identify and verify the compounds released. This will provide information 
on their flammability, and therefore if they are likely to promote flashover conditions. This will 
also provide information in relation to their toxicity and if they should be considered hazardous.  
Once compounds are identified, it would also be beneficial to conduct a more detailed study 
that links the off-gassed compounds back to the composition of the materials. In order to 
determine this, it may be necessary to first assess the compounds generated from pure samples 
comprising of one component; as well as to conduct more in-depth thermal analysis on their 
decomposition. This research would be important as it may assist in product development, and 
determining exactly how material composition influences off-gassing at fire scenes. 
It would also be imperative to conduct a quantitative study to determine the concentration of 
compounds being off-gassed. Determining the concentration of off-gassed compounds would 
allow for assessment of the toxicity at various scenes. This is important as the quantity of 
modern construction materials at a fire will vary considerably depending on whether it is a 
residential fire or a factory fire. Further research could also be conducted on whether the 
concentration of off-gassed compounds is likely to influence fire dynamics.  
This study had also indicated that current target compound lists for air monitoring may not be 
suitable to fire scenes, and therefore may require review and updating if applied to fire scenes. 
Identification and evaluation of the hazardous compounds produced from modern construction 
materials is therefore necessary in order to enable this.  
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Appendix A: FTIR Library Matches 
 
Vinyl Flooring 
A) 
 
B) 
 
C) 
 
 
Figure A-1. Representative FTIR spectra for the vinyl flooring (A), and the suggested library matches (shown in 
red) of Octyl Isodecyl Phthalate (B), and PVC (C). 
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Industrial Grade Carpet – Attached Cushion 
A) 
 
B) 
 
C) 
 
D) 
 
 
Figure A-2. Representative FTIR spectra for the carpet’s attached cushion (A), and the suggested library 
matches (shown in red) of Octyl Isodecyl Phthalate (B), and PVC (C). Library spectrum for calcium carbonate 
(D) is also included, where it may explain the other peaks not identified by the library search. 
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Industrial Grade Carpet – Fibres 
A) 
 
B) 
 
 
Figure A-3. Representative FTIR spectra for the carpet’s fibres (A), and the suggested library match (shown in 
red) of Nylon 6/12 (B). 
 
Industrial Grade Carpet – Polymer Backing 
A) 
 
B) 
 
 
Figure A-4. Representative FTIR spectra for the carpet’s polymer backing (A), and the suggested library match 
(shown in red) of Polypropylene (B). 
  
98 
Floor Underlay 
A) 
 
B) 
 
Figure A-5. Representative FTIR spectra for the floor underlay (A), and the suggested library match (shown in 
red) of calcium carbonate (B). 
 
 
 Pine Timber 
A) 
 
B) 
 
Figure A-6. Representative FTIR spectra for the pine timber (A), and the suggested library match (shown in red) 
of Cellulose + Lignin (B). 
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Laminated Timber - Wood 
A) 
 
B) 
 
 
Figure A-7. Representative FTIR spectra for the laminated timber’s wood (A), and the suggested library match 
(shown in red) of Cellulose + Lignin (B). 
 
Laminated Timber - Adhesive 
A) 
 
B) 
 
 
Figure A-8. Representative FTIR spectra for the laminated timber’s adhesive (A), and the suggested library 
match (shown in red) of Chipboard (B). 
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Chipboard 
A) 
 
B) 
 
 
Figure A-9. Representative FTIR spectra for the chipboard (A), and the suggested library match (shown in red) 
of wood flour (B). 
 
Chipboard with Melamine – Wood  
A) 
 
B) 
 
 
Figure A-10. Representative FTIR spectra for the chipboard with melamine’s wood (A), and the suggested 
library match (shown in red) of wood flour (B). 
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Chipboard with Melamine – Melamine  
A) 
 
B) 
 
 
Figure A-11. Representative FTIR spectra for the chipboard with melamine’s melamine layer (A), and the poor 
fitting suggested library match (shown in red) of Cellulostic Fibre and Inorganic Powder (B). 
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ACP A 
A) 
 
B) 
 
Figure A-12. Representative FTIR spectra for ACP A (A), and the suggested library match (shown in red) of 
polyethylene (B). 
  
103 
ACP B 
A) 
 
B) 
 
Figure A-13. Representative FTIR spectra for ACP B (A), and the suggested library match (shown in red) of 
polyethylene (B). 
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Appendix B: STA-FTIR 
 
                  Floor Underlay – Before & After Drying 
A)  
            
B)  
         
Figure B-1. Representative TGA/DSC curves for the floor underlay of before (A) and after (B) drying. An 
example showing no significant changes in STA results after drying materials. 
Created with NETZSCH Proteus software
Project :
Identity :
Date/time :
Laboratory :
Operator :
Sample :
Correction
Floor Underlay 5_ 09/03/18
9/03/2018 10:17:59 AM
Ric's Lab
Tim
Floor Underlay 5_ 09/03/...
Material :
Correction file :
Temp.Cal./Sens. Files :
Range :
Sample car./TC :
Mode/type of meas. :
Asphaltenes
Baseline_40-590°C_Al-pan_10k_P1-Air-40ml_Pro-Argon-10ml.ngb-bsu
STA - Aluminium Pan - AIR 25mL - Heat Rate 10K.ngb-tsu / STA - Aluminium Pan - AIR 2...
40.0°C/10.0(K/min)/590.0°C
DSC(/TG) HIGH RG 4 / S
DSC-TG / sample with correction
Segments :
Crucible :
Atmosphere :
TG corr./m. range :
DSC corr./m. range :
2/2
DSC/TG...
N2/O2 / Ar
020/5000...
020/5000...
Instrument : NETZSCH STA 449C File : F:\Research Year\STA-FTIR\Floor Underlay runs\5_Floor Underlay_40°C-590°C_10k_Al pan_p1-air-40ml_pro-argon-10ml.ngb-dsu
100 200 300 400 500
Temperature /°C
80
85
90
95
100
TG /%
0
1
2
3
4
5
6
DSC /(mW/mg)
Main    2018-04-24 11:40    User: Denise
Mass Change: -12.73 %
Mass Change: -7.77 %
Mass Change: -20.49 %
[2.2]
[2.2]
↑ exo
Created with NETZSCH Proteus software
Project :
Identity :
Date/time :
Laboratory :
Operator :
Sample :
Correction
Dried Floor Underlay 1
26/06/2018 1:22:42 PM
Ric's Lab
Tim
Dried Floor Underlay 1,...
Material :
Correction file :
Temp.Cal./Sens. Files :
Range :
Sample car./TC :
Mode/type of meas. :
Asphaltenes
Baseline_40-590°C_Al-pan_10k_P1-Air-40ml_Pro-Argon-10ml.ngb-bsu
STA - Aluminium Pan - AIR 25mL - Heat Rate 10K. gb-tsu / STA - Aluminium Pan - AIR 25...
40.0°C/10.0(K/min)/590.0°C
DSC(/TG) HIGH RG 4 / S
DSC-TG / sample with correction
Segments :
Crucible :
Atmosphere :
TG corr./m. range :
DSC corr./m. range :
2/2
DSC/TG...
N2/O2 / Ar
020/5000...
020/5000...
Instrument : NETZSCH STA 44... File : G:\Research Year\Analysis Results\STA-FTIR\Dried Floor Under...\1_Dried Floor Underlay_40°C-590°C_10k_Al pan_p1-air-40ml_pro-argon-10ml.ngb-dsu
100 200 300 400 500
Temperature /°C
80
85
90
95
100
TG /%
0
1
2
3
4
5
6
DSC /(mW/mg)
Main    2018-06-26 19:50    User: Denise
Mass Change: -10.35 %
Mass Change: -8.27 %
Mass Change: -18.63 %
[1.2]
[1.2]
↑ exo
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Figure B-2. Extracted FTIR evolved gas spectra of the floor underlay at 100, 200, 300, 400, 500  
and 590°C prior to drying. 
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Figure B-3. Extracted FTIR evolved gas spectra of the dried floor underlay at 100, 200, 300, 400, 500  
and 590°C. 
107 
 
Figure B-4. Extracted FTIR evolved gas spectra of the industrial grade carpet at  
100, 200, 300, 400, 500 and 590°C. 
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Figure B-5. Extracted FTIR evolved gas spectra of the pine timber at 100, 200, 300, 400, 500 and 590°C. 
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Figure B-6. Extracted FTIR evolved gas spectra of the dried laminated timber at 100, 200, 300, 400, 500  
and 590°C. 
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Figure B-7. Extracted FTIR evolved gas spectra of the dried chipboard at 100, 200, 300, 400, 500  
and 590°C. 
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Figure B-8. Extracted FTIR evolved gas spectra of the dried chipboard with melamine at 100, 200,  
300, 400, 500 and 590°C. 
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Figure B-9. Extracted FTIR evolved gas spectra of dried ACP A at 100, 200,  
300, 400, 500 and 590°C after. 
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Figure B-10. Extracted FTIR evolved gas spectra of ACP B at 100, 200,  
300, 400, 500 and 590°C. 
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Appendix C: Pyrolysis-GC-MS 
 
 
 
Figure C-1. Representative pyrolysis-GC-MS chromatograms generated from the carpet’s attached cushion. 
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Figure C-2. Representative pyrolysis-GC-MS chromatograms of the carpet’s attached cushion with the baseline 
magnified. 
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Figure C-3. Representative pyrolysis-GC-MS chromatograms generated from the carpet’s fibres. 
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Figure C-4. Representative pyrolysis-GC-MS chromatograms of the carpet’s fibres with the baseline magnified. 
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Figure C-5. Representative pyrolysis-GC-MS chromatograms generated from the carpet’s polymer backing. 
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Figure C-6. Representative pyrolysis-GC-MS chromatograms of the carpet’s polymer backing with the baseline 
magnified. 
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Figure C-7. Representative pyrolysis-GC-MS chromatograms generated from the floor underlay. 
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Figure C-8. Representative pyrolysis-GC-MS chromatograms of the floor underlay with the baseline magnified. 
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Figure C-9. Representative pyrolysis-GC-MS chromatograms generated from the pine timber. 
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Figure C-10. Representative pyrolysis-GC-MS chromatograms of the pine timber with the baseline magnified. 
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Figure C-11. Representative pyrolysis-GC-MS chromatograms generated from the laminated timber. 
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Figure C-12. Representative pyrolysis-GC-MS chromatograms of the laminated timber with the baseline 
magnified. 
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Figure C-13. Representative pyrolysis-GC-MS chromatograms generated from the chipboard. 
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Figure C-14. Representative pyrolysis-GC-MS chromatograms of the chipboard with the baseline magnified. 
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Figure C-15. Representative pyrolysis-GC-MS chromatograms generated from the chipboard with melamine. 
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Figure C-16. Representative pyrolysis-GC-MS chromatograms of the chipboard with melamine with the 
baseline magnified. 
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Figure C-17. Representative pyrolysis-GC-MS chromatograms generated from ACP A. 
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Figure C-18. Representative pyrolysis-GC-MS chromatograms of the ACP A with the baseline magnified. 
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Figure C-19. Representative pyrolysis-GC-MS chromatograms generated from ACP B. 
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Figure C-20. Representative pyrolysis-GC-MS chromatograms of the ACP B with the baseline magnified. 
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Figure C-21. Pyrolysis-GC-MS chromatograms taken at 300°C of the contaminated pyrolysis stick, and two 
example materials with the contamination overlayed. 
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Figure C-22. Pyrolysis-GCMS chromatograms taken at 300°C of the contaminated pyrolysis stick, and the 
carpet fibres with the contamination overlayed. 
 
